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ABSTRACT
Chemistry students often struggle in organic chemistry courses. In fact, these courses are
viewed by some as “weed-out” classes. There are many fundamental concepts covered in general
chemistry that contribute to students’ ability to succeed in organic chemistry. One of those
fundamental topics, and the focus of this study, is the topic of acids and bases. Acid–base topics
are featured in both general and organic chemistry courses, and the interests of this study lie not
only within the realm of organic chemistry but also general chemistry.
The purpose of this study was to determine both undergraduate general and organic
chemistry students’ understandings of acid–base topics. The study design was guided by the
theoretical framework of phenomenography, which is focused on identifying the various ways a
group experiences a given phenomenon or event. In the case of this study, the phenomenon is the
topic of acid–base chemistry. Specifically, I used semi-structured interviews and activities
involving molecular structures in order to determine what knowledge or information students
focused on and made use of when making decisions about the identity and behaviors of acids and
bases. The end goal was to obtain a set of hierarchically organized categories that represent each
participant group’s range of understandings of acids and bases.
There were three main themes in terms of the knowledge and information that both
participant groups used when making decisions about acidity and basicity: recognition,
composition and structure, and behavior. In essence, participants appeared to be asking
themselves certain questions when deciding if a molecule was an acid or a base: (a) “Do I know
this molecule is an acid or a base?” (when relying on recognition of a molecule), (b) “Does this
molecule look like an acid or a base?” (when focusing on the composition and structure of a
molecule), and (c) “Does this molecule act like an acid or a base?” (when using behavior of a
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molecule to inform their decisions). When making decisions about the relative acidity of two
different molecules, they appeared to be asking themselves one of an analogous set of questions:
(a) “Do I know this molecule is more acidic or more basic than this other one?” (when relying on
recognition of the molecules), (b) “Does this molecule look more acidic or more basic than this
other one?” (when focusing on the composition and structure of the molecules), and (c) or
“Does this molecule act more like an acid or more like a base than this other one?” (when using
behavior of a molecule to inform their decisions).
The data revealed that participants associated particular aspects of structure, composition,
and behavior with acidity and basicity, and that many of these aspects were related to the
definitions of “acid” and “base” provided by the three models of acidity (Arrhenius, BrønstedLowry, and Lewis). For example, participants often brought up the ability of a molecule to
donate hydrogen when deciding a molecule was an acid (the Brønsted-Lowry definition of an
acid) and the presence of lone pair electrons when determining that a molecule was a base (a
Lewis base is defined as a species that donates an electron pair).
Overall, although some participants were able to use underlying chemical principles to
explain their identification of acids and bases or to choose the more acidic (basic) of a pair of
molecules, most participants—at both the general chemistry and organic chemistry levels—
relied on simple, surface-level features of molecules when discussing the acidity or basicity of a
molecule.
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CHAPTER 1
INTRODUCTION
Project Rationale
When I took organic chemistry, I was just as nervous as the rest of my classmates
because I had heard it was incredibly challenging. My worries proved to be unfounded. I loved
the course from the very beginning. It made sense to me, and I did well. After completing two
semesters of organic chemistry, I was talking with my undergraduate research advisor, who had
also been my first-semester organic chemistry professor. I told him how I had advised my first
year friends not to worry about “o-chem” and that if they “did the reading, spent time studying
on a regular basis and devoted themselves to the course it would be okay, they would get it.” He
replied that I should not have told them that, to which I asked “Why not? It works.” His
response? “It works for you.”
I never quite understood what was different about my organic chemistry experience
compared to others’. I have carried that curiosity with me, and its influence can be seen in this
research. From a purely personal standpoint, I want to know more about what goes on when
students are learning organic chemistry. Why is it so hard for them? Why is the failure rate so
high? Why does it have such a terrifying reputation? From a less selfish standpoint, I want to
find out more about what is going on with students in organic chemistry in order to help them
learn the content, preferably in a way that does not involve massive amounts of
compartmentalized memorization.
The impetus for my project came from a conversation I had with a student who had
finished general chemistry and was planning on taking organic chemistry. When I was holding
office hours one day, this student asked me what material from general chemistry they should
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study in order to be successful in organic chemistry. From my own experience, I feel strongly
that success in organic chemistry is tied to the ability to write mechanisms and think
mechanistically. There are several topics covered in general chemistry that are foundational to
mechanistic thinking (e.g., Lewis structures, electronegativity, acids and bases); this simple
conversation with a student got me thinking about how these fundamental concepts might factor
into students’ ability to do well in organic chemistry. I wanted to know more about how
undergraduate students understand these foundational concepts and how their understandings of
those concepts change as they progress from general to organic chemistry. For this project, I
chose to focus on students’ understandings of acids and bases.
Research Questions
There is an overarching question that guided this project: What are undergraduate general
and organic chemistry students’ understandings of acids and bases? Questions 1-3 are the
specific research questions that were investigated:
1. What knowledge or information do general chemistry students make use of when
identifying a molecule as an acid or a base and when comparing the relative acidity or
basicity of two molecules?
2. What knowledge or information do organic chemistry students make use of when
identifying a molecule as an acid or a base and when comparing the relative acidity or
basicity of two molecules?
3. How does the knowledge or information that general and organic chemistry students
make use of, when identifying a molecule as an acid or a base and when comparing
the relative acidity or basicity of two molecules, compare?
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CHAPTER 2
LITERATURE REVIEW
Overview
In this chapter, I review the existing research literature about general and organic
chemistry students’ understandings of acid and bases and describe how my project addresses a
gap in that literature. Although there are many aspects of acid–base chemistry that students can
learn about—including neutralization reactions, titrations, pH calculations, and acid–base
equilibria—I am particularly interested in the most basic qualitative aspects of acid–base
chemistry with which students should be familiar to succeed in their general and organic
chemistry courses. These will be the topics on which I focus in this review. Primarily, students
should be able to (1) identify acids and bases from their structures or formulas, and (2) determine
the relative strength of an acid or base (with stronger acids and bases being those that dissociate
in solution more completely than others). These tasks require that students understand and can
make use of different chemical models of acidity.
In terms of college-level chemistry courses, three models of acidity are typically
presented to students: Arrhenius, Brønsted-Lowry, and Lewis, often in that order. The models
differ in how they define acids and bases, and whether they refer to the composition or the
behavior of molecules as the defining characteristics. The Arrhenius model defines acids as
substances that contain hydrogen in their formulas and that, when placed in water, dissociate to
give hydrogen ion (H+). Arrhenius bases are substances that contain hydroxide in their formulas
and that, when placed in water, dissociate to give hydroxide ion (OH–). This is simplest of the
models as it is restricted to aqueous systems and both acids and bases need to have hydrogen and
hydroxide, respectively, present in their chemical formula. The Brønsted-Lowry model defines
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acids as substances that donate protons (i.e., hydrogen ions, H+) and bases as substances that
accept protons. In the Brønsted-Lowry model, acid–base reactions are not limited to aqueous
systems. The Lewis model defines acids as substances that accept an electron pair during the
formation of a new bond and bases as substances that donate an electron pair during the
formation of a new bond. This last model is the least restrictive of the three models. While all
three models have their own requirements and boundaries, they are related to each other. All
Arrhenius acids and bases are also Brønsted-Lowry acids and bases, and all Brønsted-Lowry
acids and bases are also Lewis acids and bases. The reverse is not true. In other words, not all
Lewis acids and bases are Brønsted-Lowry acids and bases and not all Brønsted-Lowry acids and
bases are Arrhenius acids and bases.
I have organized this review based somewhat on my research questions. There are two
main sections: one focused on what is known about how students identify acids and bases, and
one focused on what is known about students’ understandings of acid strength. These sections
align closely with the chemistry content focus of my research questions. Although my research
questions address the understandings of general chemistry students separately from those of
organic chemistry students, I decided to discuss the existing literature without separating my two
participant groups because there does not appear to be a large difference between the two
populations in terms of what is known about their understandings of acid–base chemistry. It is
worth noting that I have chosen to include studies focused on more advanced students’
understandings of acid–base chemistry (specifically third and fourth year undergraduates as well
as graduate students) in this review because the results of these studies are consistent with the
results of the studies involving general and organic chemistry students, suggesting that
conceptions held by undergraduate chemistry students persist through to the graduate level.
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Identifying Acids and Bases
Acid–base chemistry is a central concept in chemistry (Cros et al., 1986; McClary &
Talanquer, 2011a, 2011b; Tarhan & Sesen, 2012; Tümay, 2016) and is viewed by instructors as
being fundamental to organic chemistry as well as a topic students struggle to understand
(Bhattacharyya, 2006; Duis, 2011; Ferguson & Bodner, 2008). Students often enter organic
chemistry courses without a solid understanding of acids and bases (Akkuzu & Uyulgan, 2016;
Cooper et al., 2013; Cox et al., 2018), and even upper division undergraduate students (Tümay,
2016) as well as graduate students struggle to express a proper scientific understanding of acid–
base chemistry (Bhattacharyya, 2006; Strickland et al., 2010). In order to obtain a proper
understanding and make use of acid–base chemistry, students need to be able identify acids and
bases when provided with a chemical formula, structure, and/or behavior. This section will
discuss studies that have focused on students’ abilities to identify acids and bases. The existing
research on general and organic chemistry students’ understandings of acids and bases is fairly
limited and work that is focused on students’ ability to identify acids and bases even more so.
Despite this limitation, common aspects in students’ understandings can be seen and the
following discussion is organized based on the patterns observed.
In general, research has shown that students’ understandings of and abilities to identify
acids and bases are limited. More specifically, when identifying acids and bases and/or acid–base
reactions, students are more familiar with acids than with bases; often focus heavily on structure;
tend to favor less sophisticated models of acidity and have difficulty making use of them; and
struggle to differentiate between Brønsted-Lowry acids/bases and electrophiles/nucleophiles.
Familiarity with Acids
In their work documenting first year undergraduate students’ conceptions of fundamental
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aspects of chemistry, Cros et al. (1986) asked students to provide three examples of both acids
and bases and found that while students were easily able to come up with three acids, almost half
of their participants could not name more than two bases. In addition, acetic acid was referenced
by over half the participants, but the conjugate base of acetic acid was only mentioned 25% of
the time. The fact that the conjugate base of acetic acid was provided less than half as often, in
addition to many participants’ inability to name more than two bases, seems to indicate that
participants have a more difficult time with bases than with acids. Similar results were observed
when Cros et al. (1988) continued their work with second year university students. The amount
of students who were able to name more than two bases remained relatively unchanged despite
the additional year of instruction.
That students have a better understanding of acids than bases can also be seen by
comparing how they used the models of acidity for their definitions of acids compared to bases.
In their work with first year undergraduate students, Cros et al. (1986, 1988) observed that 52%
of their participants provided the Brønsted-Lowry definition for acids and 47% did so for bases.
After a year of instruction, the number of students who used the Brønsted-Lowry definition for
both acids and bases increased but not to the same degree (Cros et al., 1988). While the
participants’ definitions of acids referenced the Brønsted-Lowry model 82% of the time, their
definitions of bases did so only 63% of the time. The lack of progress towards a more scientific
definition for bases as compared to acids indicates that students’ understandings of bases is more
limited than that of acids. This imbalance between levels of understanding for acids versus bases
appears to persist not only for undergraduate students, but also graduate students, as Strickland et
al. (2010) observed that graduate students were more able to define acids than bases.
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Focus on Structure
Before discussing what is known about how students’ focus on structure affects their
ability to identify acids and bases, some clarification is needed. For the purpose of this portion of
the literature review, a focus on structure involves focusing on the components that make up the
molecule such as atoms, charges, and how those species are arranged.
It is common for students to rely on structural aspects when identifying molecules as
acids or bases. For example, when investigating the progression of general chemistry students’
understandings of acid–base chemistry, Romine et al. (2016) observed that even students with a
high level of understanding favored the idea that acids contain hydrogen and bases contain
hydroxide and used that understanding to inform their answers to questions regardless of whether
or not it was applicable.
Associating acidity and basicity with certain structural aspects is not inherently bad, but
being so attached to the association that it is applied in all cases is a problem and demonstrates a
lack of understanding. Often, a reliance on structural aspects will lead students to correct
decisions about whether a molecule is an acids or a base. For example, Cartrette and Mayo
(2011) asked students to define acids and bases. Almost all of the participants based their
definitions and subsequent examples on structural aspects of the molecules, such as whether or
not a hydrogen is present to be donated, and their explanations were often correct. However,
there are cases when considering the structure of a molecule is not enough to determine whether
it is an acid or base. Specifically, when it comes to differentiating between nucleophiles and
Brønsted-Lowry bases, the function of the molecules (what they are doing) must be taken into
account; it is not enough to simply rely on structure (what the molecules are made of). For an
expanded discussion about how students struggle to differentiate between acids/bases and

7

electrophiles/nucleophiles, please see the section titled Brønsted-Lowry versus
Nucleophiles/Electrophiles. What will be discussed here is how the focus on structure affects
students’ ability to identify acids and bases, which can sometimes overlap with the topic of
nucleophiles and electrophiles.
In their work, Anzovino and Bretz (2015) investigated how organic chemistry students
defined nucleophiles and electrophiles as well as how they identified their presence in reactions.
Students were shown several reactions and asked if the reaction involved a nucleophile or
electrophile and to explain how they knew. One of the things the researchers observed was that
students struggled to distinguish between Brønsted-Lowry basicity and nucleophilicity. They
attributed this difficulty to the fact that when students evaluated acid–base reactions to determine
if they contained a nucleophile or electrophile, they only focused on structure (negative charge,
lone pair electrons), and did not consider function (what was actually happening).
For example, participants were shown the acid–base neutralization reaction of HCl +
NaOH which yields products NaCl + H2O. When attempting to determine whether or not
nucleophiles and electrophiles were present, one of the participants explained how they
considered both “negative” species in the reactants (perhaps the Cl– from the HCl and the OH–
from the NaOH) to be the nucleophiles and the “positive” species (perhaps the H+ from the HCl
and the Na+ from the NaOH) the electrophiles (Anzovino & Bretz, 2015). The participant,
Gunther, was very focused on his limited definition of a nucleophile as a negatively charged
species and he was attempting to determine which of the reactants could bear a negative charge.
The focus on structure, in this case charge, led him to consider the aqueous ionic forms of the
reactants, OH–, Cl–, H+, and Na+, which in turn led to his statement about the possibility of there
being two nucleophiles and two electrophiles in the reactants. With the bulk of his focus and
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effort placed on determining what species in the reaction could accommodate a negative charge,
Gunther was unable to see that hydroxide was behaving as a Brønsted-Lowry base. Had he been
focused on what occurred in the reaction (function) as opposed to which species could
accommodate a negative charge (structure) he might have been able to see that the reaction was
between a Brønsted-Lowry acid and base and not a nucleophile and electrophile.
At times, students combine their focus on the composition of molecules with a focus on
the presence of certain molecules in making decisions about acid–base reactions. Work done by
Nyachwaya et al. (2014) investigated how students classified reactions using an algorithmic
approach. The researchers observed that the criterion for whether or not a reaction was
considered to be an “acid–base reaction” was the presence of specific products or molecules in
the reaction. In other words, the students were focused on the structures of the molecules
involved as they attempted to identify the type of reaction. For example, the student participants
were shown the unbalanced reaction between hydrochloric acid (HCl) and calcium carbonate
(CaCO3) that produces calcium chloride (CaCl2), water (H2O), and carbon dioxide (CO2). While
most of the participants were successful at classifying this as an acid–base reaction, their choice
was not made based on a proper understanding of the acid–base chemistry, but on superficial—
and sometimes incorrect—associations with the structures of specific compounds present in the
chemical reaction. For instance, some of the students who correctly identified the reaction made
their decision based on the identity of specific products. In this case, they associated acid–base
chemistry with reactions that include, as some of their products water, salt, and/or carbon
dioxide.
Focusing on structure limited other participants’ abilities to correctly classify the reaction
as an acid–base reaction. For instance, Julie recognized hydrochloric acid as an acid but she
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associated OH with basicity and finding the reaction lacking any molecules with OH, she
incorrectly determined that it was not an acid base reaction. While associating hydroxide with
basicity is not incorrect, doing so to the point that any reaction not containing hydroxide is
eliminated from being an acid–base reaction demonstrates a lack of understanding of acid–base
chemistry. Even with an indication that there could be acid–base chemistry occurring, the
students’ rule-based criterion for approaching the problem took precedence over reasoning that
made use of their understandings of how acid–base chemistry works.
Models of Acidity
For many of the studies discussed in the previous section, there is a clear relationship
between certain models of acidity and the aspects of structure that students focus on when
identifying acids and bases. For example, the Arrhenius definitions include the facts that acids
contain hydrogen atoms and bases include hydroxide species. Therefore, students often look for
these components when identifying acids and bases. The existing literature also indicates there is
a trend with regard to how students use the different models of acidity and which ones they tend
to favor. In general, they tend to favor less sophisticated, more limited models of acidity and they
struggle to apply them correctly.
The different models of acidity (Arrhenius, Brønsted-Lowry, and Lewis) provide
chemists with a way to discuss and frame their understandings of acid–base chemistry. In order
to have a proper understanding of acid–base chemistry, students need to be aware of the different
models and how they define acidity/basicity, as well as how they are different from the other
models. This section will discuss what is known in the literature about the types of models of
acidity students prefer to use, how they struggle with the Lewis model, and how instructional
interventions can affect their ability to use the models of acidity.
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Preferred Models of Acidity
Cros et al. (1986) documented first year university students’ conceptions of fundamental
concepts in chemistry, including acid–base topics, at the start of their time at university. They
found that a good number (almost one fourth) of their participants were using a descriptive
definition of acids and bases. In other words, they would define acids as substances with a pH
less than seven, and bases as substances with a pH more than seven. Just over half of them
defined acids according to the Brønsted-Lowry model with just under half using that model to
define bases. Additionally, a limited number of students (14%) made use of the Arrhenius model
for their definitions. The descriptive definition of acids and bases is considered less scientific
than the Arrhenius model which, in turn, is not the preferred model for students to be using. In
fact, instruction in general chemistry classes is often aimed at eliminating students’ use of the
Arrhenius model in favor of the Brønsted-Lowry model of acidity. However, the results of the
Cros et al. student clearly show that a good number of students at the general chemistry level are
relying on models of acidity that are considered less scientific.
In a separate study, Cros et al. (1988) investigated second year university students’
understandings of acids and bases with the goal of seeing how those understandings had changed
after a year of instruction. Students’ use of the descriptive definition for both acids and bases
decreased and the use of the more scientific Brønsted-Lowry model increased, although less for
bases than for acids. The use of the Arrhenius definition, on the other hand, increased for bases,
almost doubling, with one fourth of the participants associating bases with substances that
increase the hydroxide ion (OH–) concentration in solution. Their results indicate that student
understanding with regard to how to define acids and bases is moving in the right direction,
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towards adopting a more scientific definition, but there are still issues with students using less
preferred models, and particularly so for defining bases.
Tümay’s (2016) work with third and fourth year undergraduate students observed
something similar with regard to the Arrhenius model of acidity. The most common model of
acidity used by students when asked to define “acid” and “strong acid” was the Arrhenius model.
These results are different from the other studies discussed in this section in that these
participants preferred the Arrhenius model and did not advance to adopt the Brønsted-Lowry
model with increasing instruction and understanding as has been shown in other studies (Cros et
al., 1988).
Other studies have focused on how students’ use of different models of acidity changes as
students progress through chemistry instruction. For their work investigating general chemistry
students’ understandings of acid–base chemistry, Romine et al. (2016) developed an assessment
made up of multiple choice questions focused on topics of acid–base chemistry such as pH,
models of acidity, and neutralization to name a few. Their goal was to obtain reliable and
descriptive information about students’ correct and alternative conceptions about acid–base
chemistry and to learn more about the progression of students’ understandings. Results indicated
that students were divided into three classes of understanding: beginner, middle, and proficient
and held a variety of understandings about acid–base topics both normative and alternative.
They observed that as general chemistry students progressed from lower levels to higher
levels of understanding, how they used the models of acidity, as well as which ones they made
use of, changed. Students possessing the lowest level of understanding were able to properly use
the Arrhenius model. For instance, when shown the reaction between ammonia (NH3(aq)) and
water (H2O(l)) to yield ammonium (NH4+(aq)) and hydroxide (OH–(aq)) and asked if ammonia acts
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as an acid or a base and why, most students chose the correct response: that it was a base due to
the fact that it produced a hydroxide ion. Proper use of the Brønsted-Lowry model became more
prevalent in the middle and upper levels of understanding. Specifically, students used the
Brønsted-Lowry model of acidity to correctly identify both the acid and the conjugate acid as
proton donors in questions about the reaction between ammonia and water. While students
exhibiting the highest level of understanding were able to make use of the Brønsted-Lowry
model more reliably and with less misconceptions than students in the middle level, their
understanding of the Lewis model was deemed insufficient.
In their 2011 study on organic chemistry students’ understandings of acids and bases,
Cartrette and Mayo found that participants were able to identify and provide examples for
Brønsted-Lowry acids and bases. In addition the researchers found that participants attempted to
use the Brønsted-Lowry model even when it did not apply. For instance, several participants
attempted to explain the acidity of BF3, a Lewis acid, using the Brønsted-Lowry model of
acidity. This supports the conclusion that they struggle with the Lewis model, but it also
highlights their inability to properly make use of the Brønsted-Lowry model and indicates a lack
of understanding. When one student was pressed for an explanation, they said BF3 was a weak
acid because “It cannot accept a H+.” What they have done here is attempted to explain why a
Lewis acid is an acid by pointing out how it cannot be a Brønsted-Lowry base. It is correct that
BF3 is not likely to accept a hydrogen ion; however, that has nothing to do with its acidity. Boron
trifluoride is a Lewis acid because there is an empty p orbital on the boron which can accept an
electron pair from a Lewis base.
Struggles with the Lewis Model
The Lewis model of acidity is the most broad and arguably the most useful model of
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acidity specifically when it comes to organic chemistry and understanding reaction mechanisms.
A model of acidity that has students thinking about acid–base chemistry not only in terms of the
transfer of protons but also in terms of how the electrons themselves are involved in the reaction
lends itself well to thinking about reactions from a mechanistic standpoint. That students struggle
with the Lewis model of acidity has been observed for general chemistry students (Romine et al.,
2016; Tarhan & Sesen, 2012), organic students (Cartrette & Mayo, 2011; Schmidt-McCormack
et al., 2019), upper division undergraduate students (Tümay, 2016), and even graduate students
(Strickland et al., 2010).
In their 2012 study on how cooperative learning affected general chemistry students’
understandings of the models of acidity, Tarhan and Sesen assessed students’ understanding
using a multiple choice test. Their results indicated that the control group (who had not
participated in the cooperative learning) held a number of misconceptions related to the models
of acidity that those in the experimental group did not. Students in the control group struggled
with the Lewis model, specifically with recognizing when a transfer of electrons was occurring
as well as not having a proper understanding of the fact that electron transfer is part of the Lewis
model. For example, 35% of them could not explain how the reaction between cyanide (CN–)
and water (H2O) was a Lewis acid–base reaction and instead associated it with the Arrhenius
model. This suggests that in addition to struggling with the Lewis model, the students in the
control group also had a tendency to confuse acid–base models with each other. For example,
students were asked to identify the acid and base in terms of the different models of acidity for
the reaction between bisulfide (HS–) and chloroform (CH3Cl) to form methanethiol (CH3SH) and
chloride (Cl–). Students who participated in the cooperative learning activity were able to select
the correct response: that HS– is a Lewis base because it is an electron donor. However, 85% of

14

the students in the control group answered this question incorrectly, with 45% stating that
bisulfide was a Lewis acid because it contained a hydrogen, a conclusion based on the Arrhenius
definition of acids and bases, and 40% of them stating that bisulfide was a Brønsted-Lowry acid
because it donated a proton. In addition to confusing the Arrhenius model with other models of
acidity, participants from the control group were not able to identify basic characteristics of
species that did not contain OH–. Student responses to the reaction of bisulfide and chloroform
indicate that participants preferred to think of acids and bases using the Brønsted-Lowry model,
which was also observed with organic chemistry students.
Romine et al. (2016) observed that even students exhibiting what they labeled the
“highest” level of understanding had a level of understanding of the Lewis model that the authors
deemed insufficient. Specifically they noticed that while these students had enough of an
understanding of acid–base chemistry to reject the idea that acids must contain H and bases must
contain OH, they did not possess enough of an understanding to be able to identify Lewis acids
and bases when presented with a Lewis acid–base reaction. In the previous section, I discussed
the study by Cartrette and Mayo in 2011 in which they observed that organic chemistry students
seemed to prefer the Brønsted-Lowry model of acidity to the point that they would attempt to
apply it to situations where it was not in fact applicable, such as using it to explain the acidity of
BF3, a Lewis acid. While their participants were able to identify and provide examples for
Brønsted-Lowry acids and bases, less than half of them were able to do so for the Lewis model
of acidity.
Schmidt-McCormack et al. (2019) observed that even after participating in a Writing-ToLearn (WTL) assignment designed to improve their understanding of acid–base concepts,
organic chemistry students still struggled with the explanation-style question about Lewis acids
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and bases. The researchers also observed that students were able to define and apply both the
Brønsted-Lowry and Lewis models of acidity properly in the WTL assignment, but they
struggled to compare and contrast the two models. Analysis of the Lewis portion of the WTL
assignment indicated that students may struggle to properly apply Lewis acid–base concepts to
novel situations.
Students not only struggle to understand the Lewis model on its own, but they also
confuse the Lewis model with other models of acidity. When Strickland et al. (2010) investigated
graduate students’ mental models of organic chemistry diagrams, they observed that participants
conflated definitions of the different models of acidity. When attempting to define “acid” and
“base,” one of the participants brought up the concepts of donating hydroxide in solution,
donating protons, and donating electron pairs which involve more than one model of acidity.
Instruction Interventions
Although the work described in the previous section demonstrates that students struggle
with the Lewis model of acidity, some types of instruction have resulted in improvements in
students’ abilities to make use of this model. Given the utility of the Lewis model of acidity and
how well it lends itself to mechanistic thinking which, in turn, is associated with success in
organic chemistry, it is not surprising that efforts have been made to improve upon students’
understanding and use of the Lewis model. Some of the work involving instructional
interventions has been discussed previously with a focus placed on the aspects of the Lewis
model that were poorly understood or used. These studies will be briefly discussed again here
with a focus placed on how students’ understanding and use of the Lewis model of acidity
changed following a targeted intervention. For example, while Schmidt-McCormack et al. (2019)
found that even students who went through the WTL intervention activity still struggled with
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aspects of using the Lewis model of acidity, the students who went through the activity were able
to perform better on multiple choice Lewis acid–base questions than students who did not
participate in the activity.
Even simple interventions had an effect on students’ understandings of Lewis acids and
bases. In their 2012 study, Tarhan and Sesen investigated the effectiveness that jigsaw
cooperative learning had on their students’ understandings of acid–base concepts. Students in
their experimental group did not express the same misconceptions that students in the control
group did. Specifically they were able to associate electron transfer with its role in the Lewis
model of acidity, they were less likely to confuse the different acid–base models, and were able
to identify basic species even if they did not contain OH.
In the Cooper et al. (2016) study, students were exposed to a transformed curriculum—
Chemistry, Life, the Universe and Everything (CLUE)—which not only focuses on how the
models of acidity are built on and related to each other, but also teaches students to draw simple
reaction mechanisms. The researchers examined how general chemistry students reason about
acid–base reactions. Specifically, they wanted to document and categorize students’ explanations
of what happens during an acid–base reaction as well as how and why the reaction occurs. Their
goals for this work were to develop a means of categorizing students’ reasoning, investigate how
the questions asked about a given reaction affected students’ responses, and look at how
students’ reasoning ability was tied to their ability to use mechanisms.
Two groups of general chemistry students were shown the simple Brønsted-Lowry acid–
base reaction of hydrochloric acid and water (HCl + H2O) with both the products and reactants
represented as Lewis structures and with lone pair electrons included (Cooper et al., 2016).
Students were asked two questions: (a) “How would you classify the above reaction? Please
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explain your reasoning”; and (b) “Please explain your reasoning for what you think is happening
at the molecular level for this reaction.” (Cooper et al., 2016, p.1706). The prompt was modified
after being administered to the first group of students because the researchers found that often
the participants provided descriptive responses of what was happening during the reaction but
did not discuss how or why the changes occurred. For example, one of their participants’
responses was “The equation is turning from an acid–base to its conjugate acid/base pair. The
HCl acid donates its H+ to create a base, while the H2O gains an H+ to become an acid” (Cooper
et al., 2016, p. 1706). Here we can see that the participant, Laura, discussed the overall change in
terms of what happened to the reactants and how they changed. What she did not do is explain
why she thinks the reaction proceeds in that way. The second version of the prompt involved the
same reaction except now with four questions:
(a) How would you classify this reaction? Please explain why you chose that
classification;
(b) Describe in full detail what you think is happening on the molecular level for this
reaction. Specifically, discuss the role of each reactant;
(c) Using a molecular level explanation, please explain why this reaction occurs.
Specifically, why the reactants form the products shown; and
(d) Please draw arrows to indicate how this reaction occurs. (Cooper et al., 2016, p. 1707)
Not only is this version of the prompt more scaffolded than the first, but students were also asked
to draw mechanistic arrows for the reaction.
After analyzing the data from both groups (the original and revised prompts) Cooper et
al. (2016) discovered that students used various types of reasoning when considering acid–base
reactions, reasoning that could be classified based on the model of acidity invoked and whether
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or not the students made use of a causal explanation. The categories they developed were: Nonnormative, General Descriptive, Brønsted Descriptive, Brønsted Causal, Lewis Mechanistic, and
Lewis Causal. Both of the Brønsted categories involved explanations that made use of the
Brønsted-Lowry model of acidity. Brønsted Descriptive responses addressed what happened and
Brønsted Causal responses addressed both what happened and why. The Lewis categories were
for explanations that used the Lewis model of acidity. Lewis Mechanistic responses addressed
what and how the reaction happened while Lewis Causal responses addressed what happened,
how it happened, and why it happened.
Comparing the reasoning used by the two groups of general chemistry students revealed
that the nature of the prompt mattered in terms of facilitating students’ ability to produce
explanations that made use of the Lewis model of acidity (Cooper et al., 2016). Forty percent of
the responses to the initial version of the prompt were descriptive (General and Brønsted), 20%
were causal (Brønsted and Lewis), and 21% were mechanistic (Lewis Mechanistic and Lewis
Causal). A significant shift in reasoning was observed for the group of students who responded
to the second version of the prompt. Sixty percent of those participants provided a mechanistic
(Lewis model-based) response compared to 21% from the first group. In fact, the percentage of
Lewis Causal explanations alone for this group was 41% compared to ~8% from the first group.
The researchers attributed the difference between the two groups to be primarily due to the
changes made to their prompt which they felt provided the students with a more scaffolded
approach to the task.
In addition to explicitly being asked to explain both what was occurring in the reaction as
well as why, the second group of students was also asked to provide mechanistic arrows for the
reaction (Cooper et al., 2016). In spite of the fact that these were general chemistry students who
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had not taken organic chemistry yet, 73% of participants were able to draw the first arrow of the
mechanism correctly; of those students who drew the first arrow correctly, 97% were also able to
provide a completely correct mechanism (71% overall). The researchers observed that, in
general, students who used mechanistic (Lewis model-based) explanations were more likely to
also produce the appropriate curved arrow mechanism—three times more likely, in fact—when
compared to students who used the Brønsted-Lowry model or General explanations. Of the
response types that did not make use of the Lewis model of acidity, responses categorized as
Brønsted Causal were the ones most associated with the ability to produce a proper mechanism,
though not as much as the responses associated with the Lewis model. The authors go on to note
that while it would be desirable to improve on students ability to reason about acid–base
reactions from a perspective of the Lewis model of acidity, not everyone looking to affect that
change in their students might have the option to change to a new curriculum.
Following the work done by Cooper et al. (2016), Crandell et al. (2019) investigated how
students’ reasoning changed over time from general to organic chemistry with regard to
Brønsted-Lowry and Lewis acid–base reactions. They observed that students’ general chemistry
experience affected their reasoning, specifically whether or not the students participated in the
transformed general chemistry curriculum, CLUE. Participants in their study were shown the
reactants and products for both the Brønsted-Lowry acid–base reaction of hydrochloric acid
(HCl) and water (H2O) which yields hydronium (H3O+) and chloride (Cl–) ions and the Lewis
acid–base reaction of ammonia (NH3) and boron trifluoride (BF3) which yields an ammoniaboron trifluoride adduct (NH3BF3). As in the Cooper et al. (2016) study, the students were asked
to classify the reaction and explain their reasoning as well as explain what was happening on a
molecular level and why. The coding scheme from the previous study was used for the Brønsted-
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Lowry reaction and was modified for use with the Lewis acid–base reaction given that the Lewis
model of acidity was the only appropriate one to use for that case (Crandell et al., 2019). In other
words, students would not be expected to use the Brønsted-Descriptive reasoning, or any other
reasoning categories based on the Brønsted-Lowry model, when discussing a Lewis acid–base
reaction; therefore, the coding scheme needed to be modified to reflect this fact. Both sets of
classifications of students’ reasoning were associated with levels of sophistication, with the
higher levels of sophistication corresponding to more mechanistic thinking and the lower levels
corresponding to descriptive explanations as opposed to causal ones.
Their results revealed that organic chemistry students who had not participated in the
transformed general chemistry curriculum (Cohort B+C) struggled to use more sophisticated
reasoning than organic chemistry students who had experienced the CLUE curriculum (Cohort
A) (Crandell et al., 2019). When responding to the Brønsted-Lowry acid–base reaction prompt,
over half of Cohort B+C students did not bring up electrons as part of their explanation despite
the fact that over 80% of them brought up electrons and used mechanistic style explanations (as
opposed to descriptive) for the Lewis acid–base reaction. In other words even though they were
capable of reasoning involving more mechanistic thinking, they did not. Organic chemistry
students in Cohort A performed much better at the start of organic chemistry than Cohort B+C in
terms of their ability to reason mechanistically. Over half of the former CLUE students
referenced the movement of electrons when explaining the Brønsted-Lowry acid–base reaction
compared to less than a third of students from Cohort B+C.
Student reasoning across all groups improved as they progressed through organic
chemistry. For Cohort B+C in particular there was a sizeable shift when discussing the BrønstedLowry acid–base reaction from using more descriptive explanations (less sophisticated) to Lewis
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Causal Mechanistic ones. Specifically, their use of General and Brønsted-Descriptive
explanations decreased from 7% to 3% and 32% to 16%, respectively, and their use of Lewis
Causal Mechanistic explanations increased from 13% to 40% as they progressed through the
course. Even though Cohort B+C experienced noticeable improvement, they never caught up to
Cohort A, who used Lewis Causal Mechanistic explanations 58% of the time by the end of
organic chemistry. In fact, the percentage of Cohort B+C students providing Lewis Causal
Mechanistic explanations at the end of organic chemistry was just under the percentage of
students in Cohort A who were able to provide that style of explanation at the beginning of
organic chemistry.
One of the interesting aspects of Crandell et al.’s (2019) work is that Cohort B+C was
made up of students with very different backgrounds as far as second semester general chemistry
was concerned. Some of those students had not taken a second semester of the course, some had
specialized backgrounds such as advanced placement courses, and some of the students’ general
chemistry backgrounds were unknown. These participants were grouped together because the
researchers observed no significant difference with regard to their ability to reason about these
reactions as far as their general chemistry backgrounds were concerned. In other words, unless
the comparison was being made between CLUE and non-CLUE students, participants’ general
chemistry background did not appear to have an effect on their ability to reason about acid–base
reactions. It took a general chemistry background of a curriculum aimed at developing students’
causal mechanistic reasoning ability to produce a significant (and lasting) difference.
Brønsted-Lowry versus Nucleophiles/Electrophiles
Somewhat related to the fact that students struggle with the Lewis model of acidity when
identifying acids, bases, and/or acid–base reactions is the fact that they also struggle to
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differentiate between Brønsted-Lowry acid–base concepts and nucleophiles/electrophiles.
(Anzovino & Bretz, 2015, 2016; Strickland et al., 2010; Ferguson & Bodner, 2008). In order to
properly make use of and discuss concepts related to acids and bases in organic chemistry,
specifically Brønsted-Lowry acids and bases, students must be able to differentiate between them
and electrophiles and nucleophiles (which are, essentially, Lewis acids and bases, respectively).
Without going into a detailed explanation of why, as it is beyond the scope of this work, in
organic chemistry it is useful to be able to consider whether a reaction involves Brønsted-Lowry
acid–base behavior or nucleophiles/electrophiles. In order to be able to ask the question “Does
this reaction involve an acid/base or an electrophile/nucleophile?” and not have it be confusing,
there needs to be a separation between the concept of nucleophiles/electrophiles and BrønstedLowry acids and bases.
For the purposes of organic chemistry, when a reference is made to acid–base behavior, it
is understood to refer to Brønsted-Lowry acid–base behavior. Nucleophiles are considered to be
species that donate their electrons to the formation of a bond with an atom other than H and
electrophiles are considered to be species in which an atom other than hydrogen accepts a pair of
electrons from another species during the process of forming a bond. These are essentially the
definitions of a Lewis base and a Lewis acid, respectively, with an added provision made about
what type of atoms are involved in the process in order to differentiate this chemical behavior
from that of Brønsted-Lowry acids and bases. The reason it is necessary to make this distinction
is that all Lewis acids and bases are also Brønsted-Lowry acids and bases; therefore, if
electrophiles and nucleophiles fall under Lewis acid–base behavior, there needs to be some way
to eliminate them from overlapping with the Brønsted-Lowry model as well; simply not referring
to them as acids and bases is not enough.
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As I discussed earlier in the section titled Focus on Structure, Anzovino and Bretz (2015)
observed that when students attempted to identify nucleophiles and electrophiles in reactions
they mainly focused on structure and often struggled to differentiate between Brønsted-Lowry
basicity and nucleophilicity. However, even when function was considered to the point that
students correctly described behavior associated with the Brønsted-Lowry model of acidity,
some of them still went on to identify the reaction as involving nucleophiles and electrophiles.
For instance, students were shown the reaction between a carboxylic acid and hydroxide along
with the products of the reaction. While many of them determined that hydroxide was removing
a proton (and, thus, acting as a Brønsted-Lowry base), some of them still went on to declare that
hydroxide was a nucleophile. This is different from the case that was previously discussed
because here the participants are explaining the nature of the transformation and in fact have
focused an aspect of the process that would allow them to distinguish between nucleophilic and
Brønsted-Lowry base behavior but they are still unable to do so. Ferguson and Bodner (2008)
observed something similar in their research on organic chemistry students’ ability to make sense
of arrow pushing mechanisms. They reported students had a poor understanding of acid–base
chemistry and struggled to identify acids or bases involved in the reactions, an example of which
would be referring to a molecule pulling a proton as a nucleophile when it is in fact a BrønstedLowry base.
Anzovino and Bretz (2016) continued their work by investigating the concepts that make
up the cognitive structures of students in terms of nucleophiles and electrophiles. Participants
were asked if they thought it was possible for a nucleophile to also be a base as well as what the
relationship was, if any existed, between the two; the same question was posed for electrophiles
and acids. The researchers then constructed concept maps based on the responses provided to
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them by their participants. Overall, they did not see much interplay between concepts for the
students’ concept maps, which indicated that meaningful learning was lacking. They observed
that when students talked about bases, none of them explicitly referenced the Brønsted-Lowry
definition. Some participants differentiated between bases and nucleophiles based on what they
do (e.g., bases accept protons and nucleophiles attack things). A few students did not make any
comparisons between nucleophiles and electrophiles and Lewis acids and bases, and not all of
those that referenced the existence of overlap between the topics of nucleophiles and bases were
able to explain the nature of the overlap.
Cartrette and Mayo (2011) also observed that participants could define electrophile and
nucleophile but when asked directly if they thought there was a correlation between
nucleophiles/electrophiles and Lewis theory, only a few of them were able to make a connection
between nucleophiles as electron donors and Lewis basicity. Even at the graduate level, students
struggle with this task as Strickland et al. (2010) observed when they had participants define and
discuss their understandings of terms such as nucleophile and electrophile. They found that while
about half the graduate students could define nucleophile and electrophile, when asked to
elaborate on their definitions, their responses indicated a lack of proper understanding. For
instance, when the researchers asked them to differentiate between basicity and nucleophilicity
the graduate students were unable to do so. For example, one of the participants stated that a
nucleophile was a base with a lone pair and that a base was a nucleophile with the capacity to
donate a lone pair of electrons.
Summary
Being able to identify the presence of acids, bases, or acid–base reactions is an important
and foundational component of understanding acid–base chemistry. Students at various levels of
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chemistry ranging from first year undergraduates all the way up to graduate students have been
shown to struggle with the task. Students seem to be less familiar with bases than they are with
acids and even graduate students are less able to provide definitions for basic behavior than
acidic. Students also tend to focus heavily on structure and while this is not necessarily a bad
thing given that the models of acidity identify structural components as part of how they describe
acidity, students tend to use an overgeneralized and surface level approach to how they focus on
structure. This type of approach does not allow for them to consider other, more relevant factors
and, because of the often superficial nature of the focus, can lead to incorrect determinations of
acidity and basicity. Another problem with the focus on structure is that structure is not always
sufficient for distinguishing a base from other chemical species, such as nucleophiles.
Students also struggle with the models of acidity. Research indicates that as students
progress in chemistry they tend to move away from the Arrhenius definition, although there is
evidence that the Arrhenius definition persists despite efforts to eliminate it. Even when students
demonstrate a preference for the more appropriate Brønsted-Lowry model, they tend to attempt
to apply it even in cases where it does not work. Students at all levels struggle with the Lewis
model of acidity, although instructional interventions have been successful in not only improving
students’ abilities to use the Lewis model of acidity but also in improving students’ ability to
reason mechanistically. Finally, given students’ tendency to focus on structure and the fact that
they struggle with the Lewis model, it is not surprising that they also have been shown to have
difficulties distinguishing between Brønsted-Lowry acid–base concepts and those of
nucleophiles and electrophiles.
Acid Strength
In the previous section, I discussed what is known about students’ ability to identify
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acids, bases, and/or acid–base reactions. One of the other aspects of acid–base chemistry that
students, especially in organic chemistry, are expected to become proficient in is evaluating the
relative acidity and basicity of substances.
In general chemistry, acid strength is thought of in terms of the proportion of an acid
sample that ionizes (i.e., a strong acid is one that ionizes completely and in which the
equilibrium lies with the products of the chemical reaction; a weak acid only partially ionizes,
meaning that the equilibrium for an acid ionization reaction lies with the reactants). Students
typically either memorize a small list of strong acids and assume all other acids are weak or they
look at acid dissociation constants, Ka values, to determine whether an acid is weak or strong
(i.e., a weak acid will have a Ka < 1).
In organic chemistry courses, students are introduced to the concept that the strength of
an acid is determined by the stability of its conjugate base. The stronger the acid, the more stable
its conjugate base, relatively. This perspective of acid strength is not incompatible with how it is
presented in general chemistry courses; it is simply a different way of looking at the situation.
Associating acid strength with the stability of the conjugate base requires that students
understand the emergent nature of acidity. A molecule’s ability to act as an acid is not intrinsic;
in other words, there is no component in the molecule that will guarantee it acts a certain way.
Context is important and factors such as the solvent as well as the other molecules present in a
reaction solution will affect how a given molecule behaves. Understanding and predicting
molecular behavior, in turn, is required in order for students to make use of arrow pushing
mechanisms, thus making the determination of acid strength a particularly relevant skill for
students in organic chemistry courses.
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Determining relative acid strength requires that students consider associated topics, some
of which were learned in general chemistry, such as electronegativity, solvent effects, resonance,
steric effects, inductive effect, polarizability, and hybridization to name a few. Not only do
students need to be able to understand how each of these concepts affects acid strength, but they
need to understand the interplay between the concepts and when the concepts are contextually
applicable. The fact that there are multiple factors to consider and that the specific factors to be
considered changes with context makes determining relative acid strength a potentially
challenging task for students.
In the current section, I will discuss what is known about general, organic, upper division
undergraduate, and graduate students’ understandings of acids and acid strength. One thing to
make note of is that, as with the previous section on identifying acids and bases, there is a limited
amount of available research on university students’ understanding of acid strength. In addition,
while the existing work is mainly focused on relative acidity, because acid–base strength exists
on a continuum, information about students’ understanding of acid strength is also relevant to
their understanding of base strength.
Research has shown that organic chemistry students are not aware of their own
understandings, or lack thereof, when it comes to concepts such as acid strength (McClary &
Bretz, 2012). While some are able to make connections between acid strength and the molecular
properties which govern it—such as electronic factors like resonance and inductive effects which
can stabilize the resulting conjugate base, or polarizability of the H–A bond—most rely on
beliefs and rules that lead them to consider irrelevant factors or lack the ability to properly use
and explain how the aforementioned molecular properties are related to acid strength
(Bhattacharyya, 2006; Cartrette & Mayo, 2011; McClary & Talanquer, 2011a, 2011b; Tümay
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2016). In this section I will discuss what the research literature reveals about students’
understandings of acid strength. In particular I will focus on the difficulties they have applying
their understandings; how their understanding of acid strength often involves focusing on
superficial aspects and associations; and that when they are able to look beyond superficial
aspects, students seem to apply certain rules to how they determine relative acidity.
Difficulty Applying Understanding
Research indicates that, while students may be able to define or describe topics relevant
to acidity, they are unable to apply their understanding of those topics in order to make decisions
about the behaviors of acids and bases. Consider the work done by Ferguson and Bodner (2008),
in which they investigated the barriers that sophomore organic chemistry students encounter to
making sense of mechanisms. The researchers observed that students have a poor understanding
of acid–base chemistry, specifically when it comes to applying their knowledge. An example of
this would be how, when attempting to identify acids and bases, many students struggled with
determining which hydrogens were acidic. Part of knowing when something will act as a
Brønsted-Lowry acid is knowing that there must be hydrogen present; but because acidity is an
emergent property, it is necessary to understand how a given context will affect a molecule’s or a
hydrogen’s ability to be acidic (to donate a hydrogen, from the Brønsted-Lowry perspective).
While the participants may have been identifying acids and bases, knowing whether a hydrogen
is acidic or not is relevant to both identifying acids and also to determining relative acidity.
Most of the examples of students being unable to apply their understanding of acidity and
acid strength involve the stability of the conjugate base and electronic effects such as resonance,
electronegativity, and inductive effects. For example, Cartrette and Mayo (2011) observed that
when discussing acidity, most of their participants were able to define how resonance, inductive
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effects and electronegativity affect the stability of a conjugate base; but they struggled to apply
that understanding in their explanations. For example, one of their participants discussed why he
had ranked acetylene (Figure 1) as a stronger acid than the alkane they were shown (CH4).

Figure 1
Acetylene (C2H2)

He explained that the carbon atoms in acetylene are closer together because of the triple bond
and, therefore, the carbons do not hold the hydrogens as tightly as they would otherwise. Aspects
of this response are correct, although the explanation for acetylene’s acidity is not. Acetylene is
more acidic than the alkane and the carbon atoms are closer together, but the bond between the
carbon and hydrogen in acetylene is not weak. In fact, the C–H bond in acetylene is quite strong
because of the nature of the sp hybridized bond. The reason that acetylene is more acidic than an
alkane is because the resulting lone pair of electrons on the conjugate base of acetylene is
stabilized due to the high s character of the sp hybridized carbon atom. Even though he was able
to rank the acids correctly, his explanation revealed a lack of understanding of the underlying
chemical principles responsible for the acidity of acetylene when compared to the alkane.
When Bhattacharyya (2006) investigated how graduate students conceptualize organic
acids, he also observed that participants struggled with inductive and resonance effects. The
researcher provided their participants with a set of organic molecules and pKa values and asked
students to come up with a set of rules that would explain the acidities of the molecules as
shown. He found that while participants were able to reference concepts relevant to acid strength,
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such as inductive and resonance effects, often they were not able to explain how those concepts
worked and instead expressed that they would be able to recognize the effect if it was present
(e.g., “I’ll know it when I see it”).
In their work on documenting organic chemistry students’ mental models of acids and
acid strength, McClary and Talanquer (2011a) found that when predicting acid strength, some of
the participants considered mostly implicit electronic factors that work to stabilize the conjugate
base. In these cases, while many students were ultimately able to rank the molecules correctly
based on acidity, they struggled to provide proper explanations or justification for how electronic
effects such as resonance and inductive effect worked to stabilize the resulting conjugate base.
For instance, consider this participant’s (S19) explanation to the interviewer (Int) for why they
chose phenol (Figure 2) as the most acidic molecule in the set.
S19: OK, I said B was the most acidic because it’s aromatic, um because it provides more
resonance structures.
Int: How does more resonance structures affect acidity?
S19: More resonance structures stabilize the negative charge that would result.
Int: How does it stabilize it?
S19: That’s a good question (laughs). It’s probably been explained, but I don’t know.
McClary & Talanquer, 2011a, p. 406)
The researchers concluded that a lack of understanding of exactly how resonance helps to
stabilize the conjugate base could be the reason why participants like S19 relied on the reasoning
heuristic of “the more resonance structures, the more stable the conjugate base.”
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Figure 2
Acetylacetone (A), Phenol (B), and Acetic Acid (C)

In their work to support the development of a diagnostic tool to identify organic students’
alternative conceptions about acid strength, McClary and Bretz (2012) noticed an inconsistency
in participants’ responses involving the stability of the conjugate base. When comparing the
acidity of phenol and p-methylphenol, just under half of the students incorrectly chose pmethylphenol as being more acidic. Most of these students justified their answer by choosing a
response stating that the methyl group destabilized the conjugate base of p-methylphenol. In
other words, students who chose this response associated a destabilized conjugate base with
higher acidity. Almost all of these students also selected a response to another prompt that
associated stability of the conjugate base with acidity. The authors believe this inconsistency was
due to the students lacking an understanding of how conjugate base stability relates to acid
strength and, thus, automatically selected a response simply because the prompt referenced
conjugate base stability.
Focus on the Superficial
Research shows that when considering relative acidity, students often focus on superficial
aspects, such as the composition and structure of a molecule. These two features can have a
significant effect on how students make decisions about a molecule’s behavior or relative acidity
even in the presence of more relevant features, such as electronic ones (Bretz & McClary, 2015;
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McClary & Bretz, 2012; McClary & Talanquer, 2011a, 2011b). In some cases, a single atom or
functional group, in particular hydroxyl, is enough for students to make a decision about the
molecule’s acidic character (McClary & Talanquer, 2011a, 2011b). Even after having completed
organic chemistry, students still make use of these superficial associations (Bretz & McClary,
2015), as has been observed with graduate students (Bhattacharyya, 2006).
McClary and Talanquer (2011a) documented organic chemistry students’ mental models
of acidity and acid strength by having them rank different sets of molecules and explain their
choices. The researchers found that many students viewed acidity as an intrinsic property, often
determined by the presence of a particular atom or functional group. For instance, these
participants might view atoms such as H, O, Cl, or functional groups such as hydroxyl (–OH) or
carbonyl (–C=O) as being inherently acidic or basic, passing on said property to the molecule of
which they are a part. The following example illustrates that point. Here, the participant (S9) is
speaking with the researcher (Int) about a set of aromatic molecules (Figure 3):
S9: Mmm. Okay, so they all have the ring and the double bond O and the OH. Okay, I
believe OH is more basic. I’m gonna say B is the least acidic . . . I don’t really think of
oxygen as being acidic, so maybe C would be the middle one and then A would be the
most acidic.
Int: So, why don’t you think of oxygen as being acidic?
S9: Because it’s so abundant, and we breathe it. So, maybe it would be hard for it to be
acidic, I think. (McClary & Talanquer, 2011a, p. 403-404)
This quotation does an excellent job of not only demonstrating how the participant assigns the
acidic property, or lack thereof, to individual atomic components, but also how the acidic nature
of the atomic component is transferred to the molecule containing the atom. The students’
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Figure 3
Benzamide (A), Benzoic Acid (B), and Methyl Benzoate (C)

response suggests, incorrectly, that if a given element, functional group, or structural feature is
acidic, then molecules containing that element, functional group, or structural feature are also
acidic. This incorrect understanding not only prevents the individual from considering multiple
factors that influence acidity, but also goes against the understanding that acidity is an emergent
property.
McClary and Talanquer (2011b) continued their work on organic chemistry students’
understandings of acids and acid strength by investigating what kind of heuristics students used
when ranking acids. Students were shown each set of three molecules one at a time and asked to
rank them according to acid strength while vocalizing their thought process. After all ranking
tasks were completed, the students were asked to explain their ranking for three of the molecule
sets. One of the commonly used heuristics identified by the researchers was the
representativeness heuristic. This heuristic involves making use of information that is easy to
retrieve. Focusing on structural similarity to an ideal prototype when deciding if something
belongs in a certain class would be an example of this heuristic. For instance, a molecule
containing a hydroxyl group (–OH) might be considered basic because of how the OH in a
molecule is similar to the hydroxide ion (OH–), which students often associate with basicity.
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The representativeness heuristic was used in approximately one fourth of the completed
ranking tasks. In particular it was used if a ranking task contained a molecule with a structural
feature associated with acid–base chemistry, especially if the structural feature allowed for them
to differentiate one molecule from the other two. For example, when students were asked to
determine the relative acidities of acetylacetone, phenol, and acetic acid (Figure 2), many based
their decision on the presence of the carboxylic group (–COOH) of acetic acid. For this set of
molecules, only structure C has the carboxylic acid group; and, thus, students using the
representativeness heuristic picked structure C as the most acidic of the three molecules. The
heuristic fails when it comes to ranking the remaining two molecules. Many students were
distracted by the presence of the hydroxyl group in phenol, with some assuming that high
electronegativity of oxygen meant that it was acidic while others associated the OH with
basicity. The most frequent ranking had acetylacetone as the least acidic followed by phenol, and
then acetic acid as the most acidic. It should be noted that phenol is the least acidic of the three,
but not because the OH group is basic. The phenolic hydrogen on phenol is acidic; however, the
resonance stabilization that the two carbonyl groups afford the conjugate base of acetylacetone is
greater than the resonance stabilization of the phenolate ion. Therefore, phenol is less acidic than
acetylacetone which, in turn, is less acidic than acetic acid.
Heuristics themselves are not inherently bad just as associating H with acidity and OH
with basicity is not inherently bad or wrong. Things like heuristics and these superficial
associations become a problem when they are used indiscriminately and without taking other
potentially relevant concepts or the context itself into account. Using a rigid approach to
determining acid strength does not allow for the emergence of acidity because if a person’s
criterion for determining relative acidity is something like a distinguishing structural feature
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being present then there is no room to consider relevant implicit electronic factors such as
resonance stabilization of the conjugate base and inductive effects.
Building on previous work investigating students’ expressed mental models and use of
heuristics when ranking acidity, McClary and Bretz (2012) developed a concept inventory
designed to identify and quantify organic chemistry students’ alternative conceptions of acids
and acid strength. The concept inventory, ACID I, consists of three sets of similar questions
about three different sets of molecules. For each set of molecules, students were asked three
questions. The first question identified the most acidic molecule in the set, and asked the student
to select a reason why this particular molecule was most acidic. The second question asked
students to predict the trend in acidity for the remaining two molecules. The third question asked
the student to select a reason for the trend they had predicted in the second question. The
molecule sets chosen each contained three molecules and were ranking tasks that students
struggled with in previous work (Figure 4). In addition, the number of factors that needed to be
considered in order to properly rank the molecules was different for each set. The first set was
designed to have students access their understanding of resonance and how it affects the strength
of an acid. The second set required students to consider both inductive and resonance effects.
Not only are both of these electronic effects important in terms of understanding how they affect
the resulting conjugate base (and therefore the acid’s ability to act as an acid) but it is important
that students are able to properly assess them together. The third set required that students
consider structure, resonance, and inductive effects.
McClary and Bretz (2012) identified two significant concepts that students misused when
determining acid strength: “functional group determines acid strength” and “stability determines
acid strength.” Students struggled with these alternative conceptions both at the beginning and
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Figure 4
Molecule Sets Used in ACID I

end of their second semester in organic chemistry (Bretz & McClary, 2015). Again, it should be
noted that considering functional groups or the stability of a conjugate base are not necessarily
incorrect ways to approach determining relative acidity. However, in order to properly use these
concepts, there needs to be an understanding that goes deeper than the surface level
understanding that students seem to have. In other words, if a person does not know why certain
functional groups are more likely to be acidic than others, then they are also likely to misuse
their association of that functional group with acidity.
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An example of the misapplication of the role of functional groups in determining acid
strength can be seen when participants were asked why p-nitrophenol (A) was more acidic than
p-methylphenol (B) and phenol (C) (Figure 4, Set 3) (McClary & Bretz, 2012). When
considering these three molecules, 49.4% of participants chose the presence of a nitro group as
the reason for the molecule’s increased acidity while overlooking how the nitro group uses
resonance to stabilize the resulting conjugate base and how the methyl group on the pmethylphenol destabilizes (via the inductive effect) its conjugate base.
Bhattacharyya (2006) investigated how graduate students conceptualize acids and
reported that participants were able to reference concepts relevant to acidity, such as inductive
and resonance effects, but struggled to apply them. The results of that study also indicated that
while students were making a connection between the molecules shown to them and what they
experienced in their organic classroom, they were basing that connection on surface-level
similarities. For instance, a participant explained that he considered resonance effects because of
how compounds, like the phenols he was being shown, were presented in class. In his course
there had been a heavy focus on the electronic effects of substituents on the aromatic ring and
that led him to consider resonance effects. In other words, instead of discussing the importance
of resonance in determining acidity, he explained that because resonance came up often when he
learned about that type of aromatic compound, he associated it with being relevant to the acidity
of phenols. In the absence of understanding why resonance is important in determining relative
acidity, the participant has brought resonance up because of a superficial relationship based on
structural similarities with compounds he had learned about in class.
Rule-Based Approach
Even when students look beyond structure and composition to more implicit factors such
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as bond polarity and resonance, they still struggle with determining relative acidity. Research
indicates that students use these concepts to determine relative acidity in a limited way. Instead
of taking a given molecule or chemical context into account, students have a set of rules that are
applied to the task of ranking acidity. This does not allow for the consideration of multiple
variables which is needed when considering an emergent property like acidity. In addition, often
the students lack a full understanding of the concept and are constructing generalized rules to
apply in all cases without fully understanding the limitations which often results in misuse. This
discussion will focus on the concepts that students use to apply rules to determining relative
acidity, namely bond polarity and resonance.
Bond Polarity
Research shows that both upper division undergraduates (Tümay, 2016) and graduate
students (Bhattacharyya, 2006) considered bond polarity to be an important factor when
determining acid strength. Tümay’s (2016) work with third and fourth year undergraduate
students revealed that, when ranking sets of acids, many of their participants associated acid
strength with degree of ionization. Of these students, they typically thought that ionization was
based on two factors, both of which involve the H–A bond (the bond between the acidic—or
potentially acidic—hydrogen and the rest of the molecule): bond strength, and bond polarity.
Many of the students who related acid strength to ionization focused mainly on bond polarity. In
fact, 20% of the students only took bond polarity into consideration across all comparison tasks.
Most of the students who associated bond polarity with acid strength directly (without involving
bond strength) correctly believed that an increase in bond polarity would result in an increase in
acid strength. Of the students who took bond strength into account, almost all of them believed
there to be an indirect relationship between bond strength and acid strength. In addition, 32% of
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them believed there was a direct causal relationship between bond polarity and bond strength. In
reality there is no causal relationship between bond polarity and bond strength; this association
led students to incorrectly determine that an increase in bond polarity will result in a decrease in
acid strength. Similarly, when Bhattacharyya (2006) investigated graduate students’
understandings of organic acids, he reported that the students considered bond polarity to be the
most important factor to determining acid strength, followed by resonance stabilization of the
conjugate base and electronic effects.
In both of these cases the problem is not that students have made an association between
bond polarity and acid strength; it is that this approach is limited and does not allow for them to
take potentially relevant aspects of a molecule into account. For instance, both groups of students
looked to the difference in electronegativity of the atoms in the H–A bond in order to inform
their statements about the bond polarity. While this worked for these students based on the
molecules they were shown in their activities, this rule does not work when faced with ranking
the acidity of molecules where the H–A bond does not involve atoms with different
electronegativities. For instance, the C–H bond in acetylene is the most polarized and is more
acidic than the C–H bonds in comparable alkanes and alkenes. Looking to the C and the H for a
difference in electronegativity in order to determine which bond is more polar would not work in
this case.
The groups of students in both studies also prioritized considering bond polarity over
other important aspects such as resonance stabilization of the conjugate base. In Tümay’s (2016)
study, very few students referenced the stability of the conjugate base when making decisions the
strength of various acids. Similarly, the graduate students in Bhattacharyya’s (2006) work came
up with a list of three concepts to characterize the acidity data they were shown. While they did
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consider resonance stabilization of the conjugate base to be important to determining acidity, the
results made it clear that they used their list of concepts linearly. In other words, regardless of the
situation they would first consider bond polarity, then resonance stabilization of the conjugate
base, and finally electronic effects. This rigidity to the approach both in terms of how bond
polarity is always viewed as the most important, and how other concepts are considered does not
allow for a consideration of the interplay between these effects.
Resonance Stabilization
Resonance stabilization of the conjugate base is an important aspect of determining the
relative acidity of a molecule. The more stable a conjugate base is relative to other conjugate
bases the more acidic that acid is relative to the other acids. Often students do not consider
resonance stabilization of the conjugate base and instead only focus on the acid itself. When they
do reference the importance of resonance stabilization of the conjugate base, it is apparent that
students lack a clear understanding of the topic and often apply a rule of “more resonance
structures means more acidic” without evaluating the individual structures and considering the
relative stability of the conjugate base (McClary & Talanquer, 2011a, 2011b; Tümay, 2016).
As with many of these rules, there are cases where the “more resonance structures means
more acidic” rule works, and cases where it does not. Any situation in which a conjugate base
has more favorable resonance structures than the other conjugate bases is one in which this rule
is likely to succeed. However, not all resonance structures are favorable; and in cases where a
conjugate base has more total resonance structures but another conjugate base has less total
resonance structures but more favorable resonance structures, selecting the conjugate base with
the most total resonance structures as being the most stable would be incorrect. For instance,
when comparing the acidity of phenol and acetylacetone, their conjugate bases have four and
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three resonance structures, respectively. Using the rule of “more resonance structures means
more acidic” would have us choosing phenol as the stronger acid. Phenol is not the stronger acid
and phenol’s conjugate base is not more stable than the conjugate base of acetylacetone. The
conjugate base of acetylacetone delocalizes its negative charge over more electronegative atoms.
Not only is the negative charge of the phenoxide ion distributed over less electronegative atoms
which is not favorable, but the resonance structures of the phenoxide ion break aromaticity,
which is also unfavorable. As a result, even though the phenoxide ion has more total resonance
structures, it is the less stable conjugate base.
In their work on students mental models of acids and acid strength McClary and
Talanquer (2011a) observed that students who referenced factors that work to stabilize the
conjugate base such as resonance were better able to rank acids correctly but struggled with their
explanation. The researchers felt that students’ lack of understanding of how resonance stabilizes
the conjugate base was the reason for their reliance on the heuristic association of more
resonance structures being associated with the stronger acid. The same thing was observed in
their work on heuristics (McClary & Talanquer, 2011b). They found that when students
determined that resonance structures were a cue that could be used to differentiate between
molecules in a ranking set, they would use it to make their choice. In many of these cases,
students did not evaluate the resonance structures to consider the relative stability and instead
simply relied on the rule and picked the acid with the conjugate base that had the most resonance
structures as the stronger acid.
These tendency of students to consider the number of resonance structures instead of the
relative stability and favorability of resonance structures when determining relative acid strength
is not unique to organic chemistry students, as Tümay (2016) observed in their work with upper
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division undergraduate students. Of the four ranking tasks they were shown, most of the students
only considered the stability of the conjugate base for one comparison. For that comparison,
students did not evaluate the resonance structures to see what kind of relative stability they
provided to the conjugate base. Instead the students determined that whichever conjugate base
had more resonance structures was more stable and corresponded to the better acid.
Summary
As with the ability to identify acids, bases, and acid–base reactions, the ability to
determine relative acidity is a key component of understanding acid–base chemistry. Research
indicates that students struggle to apply their understandings of acidity, specifically when it
comes moving from definition to application. In many cases, students are able to define or
reference how implicit and relevant factors such as resonance stabilization of the conjugate base
and electronic effects play a role in acidity. However, when it comes to explaining exactly how
these concepts play a role in the acidity of specific molecules, they struggle to do so, even at the
graduate level. When ranking acids, students often focus on more superficial aspects of the
molecules—such as structure and composition—to distinguish them from one another. This does
not always lead to them making incorrect ranking choices, as their associations are often based
on correct ideas. However, because their understanding of whatever molecular feature they are
focused on occurs at a surface-level and does not extend to a knowledge of how and why that
molecular feature affects the acidity of molecules, students often (a) make mistakes in ranking
the relative acidities of a group of molecules, (b) use scientifically incomplete or incorrect
reasons to correctly rank the relative acidities of a group of molecules, or (c) are unable to
provide scientifically correct explanations for ranking the group of molecules as they did.
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When students go beyond the more visually salient aspects of a molecule and focus on
more implicit factors related to acidity, such as bond polarity and resonance stabilization of the
conjugate base, they have a tendency to apply rules when ranking acids. Using general rules such
as “more resonance structures means more stable conjugate base” prevents them from
considering the multiple variables—such as the molecules involved, the solvent, and sterics—
that should be considered when determining the relative acidities of a group of molecules.
Justification for Current Study
My discussion of the research results available in the literature demonstrates there is
interest in the subject of students’ understandings of acids and bases as well as the need for more
research. In particular, the current research contributes to the existing literature by looking at not
only general chemistry students’ understandings of acid–base concepts or organic chemistry
students’ understandings of acid–base concepts, but how general chemistry students’
understandings of acid–base concepts differ from those of organic chemistry students. In
addition, most of the available research on students’ understandings of acid strength only focus
on acidity. The fact that my work has students comparing relative basicity as well as relative
acidity addresses a gap in the literature.
As both a teacher and student of organic chemistry, I recognize that acid–base concepts
covered in general chemistry can have a heavy impact on student success in organic chemistry.
In order to determine how instruction about acids and bases in general chemistry can best
support student success in organic chemistry, we must first examine how student perceptions of
acids and bases differ from general to organic chemistry. To achieve this end, my research is
focused on documenting the range of students’ understandings with regard to acids and bases by
having them identify molecules as an acid or a base and by comparing relative acidity and
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basicity of pairs of molecules. The ability to identify a molecule as either an acid or a base and
the ability to assess a molecule’s acidity or basicity given a specific context are both necessary in
order to understand and make use of acid–base concepts within general and organic chemistry. In
the current study, I specifically examine the knowledge and information general and organic
chemistry students use when identifying acids and bases and when making decisions about
relative acidity and basicity.
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CHAPTER 3
THEORETICAL FRAMEWORK
Phenomenography
The theoretical framework I have chosen for my research is phenomenography. The goal
of phenomenography is to document how a group of individuals experiences a phenomenon or
event (Marton, 1981) which is in alignment with my overall goal of documenting general and
organic chemistry students’ understandings of acids and bases. In this section I will explain the
development, goals and focus, assumptions, methods, data analysis, and critiques and responses
of phenomenography as a theoretical framework.
History
The theoretical framework of phenomenography originated in Sweden, specifically from
Ference Marton’s research group in the Department of Education at the University of
Gothenberg (Ashworth & Lucas, 1998; Marton, 1986; Svensson, 1997). In the decades since its
development phenomenography has been used in several countries such as the U.K., Australia,
Hong Kong, Sweden, and the Netherlands (Bruce & Gerber, 1997; Richardson, 1999). It was
developed to address educational questions and originated from research involving conceptions
and description of conceptions (Marton, 1986; Svensson, 1997). Marton was interested in
conducting research on student learning, specifically in formal education settings and from the
perspective of the learner (Marton, 1986, 1994). His group pursued this interest by studying
learning under authentic learning conditions (“natural conditions”), and it was research
investigating students’ understanding of a text that shifted their interests towards what is now
considered phenomenography (Marton, 1986, 1994; Pang, 2003; Richardson, 1999).
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This early research on student learning resulted in observations about how students
approach learning, what they learn, and the relationship between the approach and the results
(Booth, 1997). What caught their attention was that students exhibited a range of understandings
for the same concept, but that range appeared to be limited (Marton, 1986). In other words, while
a group of students will understand the same concept a number of different ways, there is a limit
to how many different ways that concept is understood. This idea of a limited number of
qualitatively different understandings is one of the cornerstones of phenomenography (Marton,
1988). What Marton saw in these different understandings was the possibility to learn more
about why individuals have different learning outcomes, despite experiencing the same learning
event, and hopefully to be able to affect those outcomes (Marton, 1986).
The purpose of phenomenography is to uncover the range of qualitatively different ways
a group understands or experiences something (Marton, 1981). Marton discovered that these
different understandings could be organized into a hierarchical set of categories representing the
experience/understandings of the group; it is this set of categories that is the product of
phenomenographic research (Marton, 1981). These categories are referred to as categories of
description and provide a way for researchers to organize the large amount of data produced by
phenomenographic research and make it accessible to others. Proponents of phenomenography
believe these categories can be used to address pedagogical problems that cannot be addressed
by established psychological models that focus on learning as an inaccessible process that occurs
in the minds of individuals (Marton, 1986). In fact, phenomenography is frequently used to study
teaching and learning, although it is not restricted to an educational environment (Entwistle,
1997; Marton, 1988).
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Goals and Focus
Phenomenography is focused on learning and holds that learning is relational. In other
words, phenomenography asserts there is a link between people and the world, between an object
and our understanding of the object, and between the outcome of a learning task and how we
approach that task (Booth, 1997; Marton, 1986, 1988, 1992; Orgill, 2007). One of the ways to
experience the link between people and the world is by investigating how people perceive,
understand, or experience a particular phenomenon or concept (Marton, 1981, 1992; Marton &
Pong, 2005 Säljö, 1997). Phenomenographers are not the first researchers to make use of
people’s perceptions. In the past, these perceptions would often serve an instrumental function,
such as illustrating the development of the human mind. In phenomenography, however,
perceptions serve as the focus of a study (Marton, 1986; Svensson, 1997). This is one of the
major ways that phenomenography is different from other research traditions;
phenomenographers believe perceptions are interesting in and of themselves and should be the
main focus of the research (Marton, 1981, 1986). The goal of phenomenography is not to find
some objective truth or essence of experience or perception, but to identify the range of
experiences or perceptions a group has of or with a particular phenomenon (Marton, 1986, 1992,
1994; Orgill, 2007; Säljö, 1997; Svensson, 1997; Trigwell, 2006).
Initial efforts in phenomenography were aimed at investigating learning in general; as the
framework evolved, it became more linked to the content of the phenomenon, even though the
phenomenon itself is not the focus of phenomenography (Marton, 1986; Sandbergh, 1997). That
is to say that phenomenography provides information about how specific content is learned and
is not drawing conclusions about learning in general. It can involve observing tasks associated
with learning within an educational environment and often focuses on key or foundational
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concepts within a discipline (Ashworth & Lucas, 1998; Booth, 1997; Marton, 1986). The study
can take place before and/or after the concept of interest is learned, as it is more about the
experience and understanding being imparted to the researcher than about any analysis of how
that understanding occurred (Booth, 1997; Marton, 1986, 1988).
In order to access the experience of other individuals, phenomenographers attempt to
describe conceptions from the perspective of the participants without having their own views
included in the description (Marton, 1986, 1988; Orgill, 2007, 2012; Sandbergh, 1997; Svensson,
1997). More than simply listing all of the various ways members of a group understand,
experience, or perceive an event or concept, the phenomenographer’s goal is to be able to
examine and organize the understandings into a limited number of categories of description
(Åkerlind, 2012; Ashworth & Lucas, 1998; Booth, 1997; Marton, 1981, 1986, 1988; Säljö,
1997). Each category of description represents a distinct type of perception, understanding, or
experience and is related to the other categories in such a way that they can be organized into a
hierarchy (Åkerlind, 2012; Ashworth & Lucas, 1998; Entwistle, 1997; Marton, 1981; Orgill
2012; Trigwell, 2006). The interrelated categories make up what is called the “outcome space” of
the study. This outcome space is the end result of phenomenographic research and can be used to
map a group’s range of perceptions, understandings, or experiences of a concept or phenomenon.
Assumptions
Part of understanding phenomenography involves understanding where it came from: the
way it grew from active research that Marton was conducting influenced the overall structure of
the theoretical framework. In some ways it was developed “in the field.” Because its origins are
tied to pragmatism, empiricism, and a focus on the process itself, it began with less of a
philosophical foundation than other theoretical frameworks (Åkerlind, 2012; Harris, 2011;
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Hasselgren & Beach, 1997). Over time the framework has matured theoretically, and foundations
and underpinnings have been clarified as necessary (Ashworth & Lucas, 1998).
One of the assumptions central to phenomenography is that learning is relational
(Marton, 1986). This assumption asserts a relationship exists between us and the world around
us. As we observe and learn things about a given phenomenon, we may focus on certain ideas or
features more than others, and it is from those interactions and relationships that our conceptions
are built (Marton, 1992; Orgill, 2007; Prosser, 1993; Prosser & Trigwell, 1997; Säljö, 1997;
Svensson, 1997). Learning is not simply a matter of receiving objective input and then
processing it internally; our understandings reflect not only things about the world, but about
ourselves as well (Säljö, 1997). Phenomenography assumes that understandings are a
fundamental component of learning a concept and contribute directly to, but are different than,
skills and knowledge of a phenomenon (Marton, 1992). As mentioned earlier in this chapter,
phenomenography also assumes that there is a qualitatively limited number of ways any given
phenomenon or concept can be understood by a group (Marton, 1986, 1988, 1994) and that this
finite number of understandings will have a logical and hierarchical relationship between them
(Marton, 1994).
One of the previously discussed goals of phenomenography is to document the various
ways in which a group experiences a given event or phenomenon. This involves the use of a
second-order perspective, meaning that the researcher describes the experience of another
individual (as opposed to a first-order perspective which involves the researcher relaying their
own impressions of an event). There are several assumptions involved with using a second-order
perspective. Marton (1981) makes the assumption that information obtained using a second-order
perspective is fundamentally different from and cannot be obtained by using a first-order
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perspective. There is also the assumption that it is possible for researchers to step outside of
themselves in order to understand the experience of others and that they can arrive at this
understanding by engaging in discourse (Hasselgren & Beach, 1997; Marton, 1992; Svensson,
1997).
Phenomenography does not make assumptions about the nature of reality (Orgill, 2007);
however, it does make assumptions that the source of differences in understandings/experiences
is reflected in what participants have to say about those understandings/experiences (Hasselgren
& Beach, 1997; Richardson, 1999; Säljö, 1997). Nested within the assumption of equating a
shared statement to experience is the assumption that the exact way a participant arrives at the
understanding is irrelevant (Marton, 1994). That is to say that if the understanding is created
while the event is occurring or after as a product of reflection, it is still a valid understanding
(Marton, 1994).
Methods
Data collection in phenomenography is designed to maximize possible variation, be
explorative, and continue until no new trends emerge (Orgill, 2007, 2012; Svensson, 1997;
Trigwell, 2006). There are some restrictions placed on how phenomenographic data is
documented, such as the use of a second-order perspective; but the exact methods used during a
phenomenographic study are tied to the context of the study itself (Hasselgren & Beach, 1997;
Marton, 1988; Svensson, 1997). Having said that, the major data collection method in most
phenomenographic studies is the “open” and “deep” interview (Booth, 1997; Marton, 1986,
1988, 1994; Orgill, 2012; Polat, 2013). Therefore, this is the only method discussed here.
There is no set structure to the interview; however, the characteristics of “open” and
“deep” are often associated with the type of interview used in phenomenography. The term
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“open” addresses the need for flexibility based on what participants say during the interview
(Marton, 1986, 1988, 1994; Orgill, 2012). There can be some structure provided from a list of
general questions, but in order to gather the range of experiences from other individuals the
interview needs to be open and flexible enough to accommodate a range of responses (Booth,
1997; Marton, 1986, 1994; Orgill, 2007). The interviews are considered “deep” because the
issues and ideas brought up by participants should be followed until they are exhausted and the
researcher and participant are able to come to a common understanding (Orgill, 2007). In
general, interviews are useful because they allow participants the opportunity to reflect on and
clarify their ideas, which can help them share those ideas with the researcher (Marton, 1994,
1997). The dialogue between the researcher and participants should work to meet this goal as
well as work towards a mutual understanding of the participants’ experiences (Orgill, 2007,
2012).
The researcher should complement the open and deep aspects of the interview with their
focus firmly rooted on the participants’ experience as opposed to their own ideas and interests
(Ashworth & Lucas, 1998; Hasselgren & Beach, 1997; Marton, 1988, 1994; Orgill, 2007). As the
interview progresses, the dialogue between researcher and participants should serve to clarify the
participants’ experiences (Marton, 1994; Svensson, 1997). In order to do this and maintain a
second-order perspective, the researcher should not provide any input regarding how close
participants’ understandings are to an accepted view. They should also refrain from making
comments that might exert undue influence on the participants’ understandings as doing so could
change the experience they share. It should be noted, however, that it is possible that the reported
experiences will appear more articulate than what the participants would have produced by
themselves as a result of the participants’ taking part in a discussion about those experiences
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with the researcher (Ashworth & Lucas, 1998). There are typically between 10 and 30 interviews
used in a phenomenographic study (Marton, 1986; Trigwell, 2006); however, data collection
should continue until no new trends emerge from the interview data (Orgill, 2007).
Data Analysis
The first step of data analysis in phenomenography involves verbatim transcription of
interviews (Marton, 1986) and should be done while data is being collected so the researcher can
determine that no new trends are emerging from the data and, thus, can decide when a sufficient
number of interviews have been collected. Data analysis in phenomenography is an iterative
process (Richardson, 1999) and one that attempts to characterize the various ways a group
understands something, as well as the relationship between those different understandings
(Marton, 1986; Orgill, 2007). In phenomenography this analysis generates categories of
description which illustrate the qualitatively different ways the phenomenon is experienced
(Åkerlind, 2012). Once the categories are developed, they are then organized hierarchically
according to their relationship to one another. This organized set of categories is referred to as
the “outcome space” (Åkerlind, 2012; Orgill, 2007, 2012; Trigwell, 2006). The process of data
analysis in phenomenography depends on the content being studied, so there is not a stepwise
procedure that can be applied to all research using this framework (Marton, 1986, 1988).
Although there needs to be flexibility in the process based on the subject matter being studied,
the general procedure for phenomenographic data analysis is the same for all studies informed by
the framework.
The first portion of data analysis involves developing categories of description from the
analysis of the interview transcripts. For example, in a study about how raptor rehabilitators
experience their first year in the field, one of the categories of description could be “reducing
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fear/anxiety.” Another category might be “building relationships with birds.” Each category
contains ideas that are similar to each other but qualitatively different from the ideas in the other
categories (Åkerlind, 2012). These categories illustrate the various ways the phenomenon under
study is experienced/understood by the participants, and each category represents distinct aspects
of the experience/understanding. Categories of description emerge from the data based on what
the participants have shared and are not predetermined by the researcher (Åkerlind, 2012; Orgill,
2012).
The first step in developing the categories of description consists of identifying
statements by participants that are relevant to the phenomenon being studied (Marton, 1986,
1988). Interview transcripts are read multiple times, and statements of interest related to the
phenomenon are selected (Orgill, 2012). The idea is to find the essential and distinctive
characteristics of the understandings through analysis of the selected statements (Marton, 1986,
1988). Categories begin to form based on the content of the selected quotations; ones with
similar meanings are grouped together and are set apart from categories containing quotations
with different meanings (Marton, 1986, 1988; Svensson, 1997). As data analysis continues, the
categories of description change and develop according to the data being analyzed (Marton,
1986). The iterative nature of the analysis can be seen as the data is compared against the
existing categories of description and the categories themselves change based on the new data
(Åkerlind, 2012; Orgill, 2007). Consider the study about raptor rehabilitators mentioned earlier.
As data analysis continues the researcher might notice that the majority of statements related to
relationships with birds were tied to how reducing fear/anxiety improved said relationship, with a
smaller number of statements relating to how positive relationships with the birds contributed to
an increased sense of self-efficacy. This could cause the researcher to decide to eliminate the
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relationship category, nesting most of it within the fear/anxiety category and possibly creating a
new category related to self-efficacy if there were other statements contributing to that idea.
After combining, deleting, and adding categories of description through various readings of the
data, eventually the researcher will be left with a set of defined categories that cannot be
combined, and whose definitions remain stable (Marton, 1986, 1988). Ultimately, the categories
of description should be “parsimonious” (Orgill, 2007). In other words, the fewest number of
distinct categories of description should be used to represent the overall experience of the group.
While the categories of description are created by the researcher, they are meant to reflect
the experiences of a group. In order to produce data that portrays the experience of others, the
researcher must attempt to separate themselves from their own preconceived notions and focus
only on the emergent patterns contained within the data (Ashworth & Lucas, 1998; Hasselgren &
Beach, 1997; Marton, 1994). Not all statements from the interviews will be selected. Only
statements relevant to the phenomenon being studied will contribute to the development of
categories of description. The researcher determines whether or not a statement is relevant, and
the selected statements should reflect the content shared by the participants as well as be a
function of the overall content itself (Marton, 1986, 1988). There is no guarantee that all items of
relevance will be focused on by the researcher. It is possible that the researcher will overlook
ideas and statements that are constant across the participant pool (Marton, 1986, 1988; Trigwell,
2006). Ideally all relevant statements will be included in data analysis; however, it is important
to be aware of the areas in phenomenography that present limitations, and this is one of them.
The researcher also needs to remain open to seeing new ideas and trends during the entire
process of data analysis (Åkerlind, 2012). Because the categories of description develop and
change as the data is examined, there is the possibility that a great deal of change will occur
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before they are finalized. The iterative aspect of data analysis is key but cannot be implemented
if the researcher settles on categories too early.
Once the categories of description have been established, the researcher can then examine
the relationship between the categories and organize them into a hierarchy, the “outcome space”
(Åkerlind, 2012; Marton, 1994; Orgill, 2012; Trigwell, 2006). The categories of description in
the outcome space have their contents clarified, and differences between the categories are made
explicit (Marton, 1994). For instance, the category of self-efficacy for the raptor rehabilitator
study could contain subheadings such as statements referencing the relationship with the birds,
comments made by supervisors, comments made by colleagues, or reaction to events. These
subheadings serve to detail out what kind of statements or ideas fall under the self-efficacy
category and help make the results more meaningful. A description of how the self-efficacy
category differs from and is related to the fear/anxiety category adds further meaning to the
results.
Critiques and Responses
Many criticisms of phenomenography are the result of a limited understanding of the
framework or a preference for other theoretical frameworks. These criticisms will not be
addressed here. What will be addressed are criticisms that are valid by virtue of their pointing out
potential limitations of the framework. The criticisms of phenomenography that will be
addressed here include the facts that it (1) lacks an epistemological foundation and detailed
methods, (2) uses a second order perspective, (3) equates verbal accounts with experience, (4)
produces results that may not be reliable, and (5) removes statements from context.
Early phenomenography did not have epistemological foundations like other research
frameworks (Richardson, 1999). This lack of foundation was criticized directly; and
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phenomenographers, recognizing the validity in the criticisms, responded by developing one,
which has been described earlier in this chapter (Hasselgren & Beach, 1997; Marton, 1988).
Similar concerns have been expressed about the lack of specific methods to be used in studies
informed by phenomenography (Ashworth & Lucas, 1998; Entwistle, 1997; Svensson, 1997).
Some critics feel the lack of a detailed procedure to follow decreases the credibility of the results
of phenomenography (Alsop & Tompsett, 2006; Entwistle, 1997). As mentioned in the methods
section of this chapter, the exact methods used in phenomenography depend on the context of the
study (Hasselgren & Beach, 1997; Marton, 1988; Svensson, 1997), which prevents
phenomenographers from listing a detailed set of procedures to be followed by anyone using the
framework on any study. Because of this, it falls to the researcher to ensure that their methods
are rigorous and transparently described in any reports.
The fact that phenomenography uses a second-order perspective has also been a source of
criticism. There is skepticism associated with the researcher’s ability to be truly neutral and not
have the results reflect their own views, as opposed to those of the participants (Ashworth &
Lucas, 1998; Hasselgren & Beach, 1997; Webb, 1997). Critics also point out that
phenomenography provides little guidance for how the researcher should go about distancing
themselves from their own personal views (Ashworth & Lucas, 1998). These criticisms highlight
a limitation of phenomenography. It is, of course, impossible to be truly neutral. There is no way
for an individual to exit themselves; we are bound by our own existence. If we cannot be truly
neutral, then we can either abandon the goal of doing phenomenography entirely, or we can
accept that the ability to document the experience of another individual will always have the
potential to be influenced by our own views and ideas. So, in a sense, these criticisms are
accurate: it is not possible for the researcher to be completely objective. For this reason, when
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practicing phenomenography, it is vital that the researcher be explicit about their views and
document the how they have attempted to set them aside so that others may determine if—or
how much—the researcher’s views have influenced their findings.
Phenomenography’s goal of documenting how a group experiences a given event has
faced criticism because, ultimately, the researcher documents the participants’ accounts of
experiences, which may not be the same as the experience itself (Richardson, 1999; Säljö, 1997).
At the moment an individual’s account is the only way we can access their individual experience
of a phenomenon (Orgill, 2007). Much like the issue with a truly neutral researcher, we are left
with a valid point to which there is no direct solution. If someone is going to use
phenomenography or the results of a phenomenographic study, they need to be aware of this
limitation and accept that the results of such a study describe a group’s accounts of their
experiences instead of the experience itself.
The question has been raised about whether or not phenomenographic results are reliable.
In other words, would another researcher produce the same categories of description given the
same data set? Marton (1994) argues that this critique is not appropriate. Instead of asking
whether another researcher would develop the same categories of description, he suggests that an
indication of the quality and usefulness of phenomenographic results relates to asking if the
categories developed are useful to other researchers and found to be sufficient in describing the
outcome space.
Finally, there is some concern that removing statements from their context and
summarizing them within categories of description can cause them to lose meaning (Entwistle,
1997; Säljö, 1997). Whenever information is collected and organized according to similar traits,
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context-based meaning is lost. This is a limitation of many types of qualitative research and must
be kept in mind when analyzing data or consuming the results of these studies.
Justification for Current Study
As mentioned in Chapter 2, there is a limited amount of research that has been done
about undergraduate students’ understandings of acids and bases. Moreover, there are even fewer
studies that look at both general and organic chemistry students’ understandings of these
concepts. Phenomenography has been described as being a particularly useful framework for
doing foundational research and, thus, is appropriate for the current study (Orgill, 2007).
Additionally, the second-order perspective of phenomenography aligns well with my interest in
allowing students to express their understandings of acid–base concepts from their own
perspectives, as opposed to my inferring their understandings from, for example, an analysis of
their responses to exam questions.
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CHAPTER 4
METHODOLOGY
Research Design
In alignment with my chosen theoretical framework of phenomenography, which is often
used to study students’ understandings of concepts (Booth, 1997), I am interested in examining
general and organic chemistry students’ understandings of acids and bases. There are many
foundational topics taught in general chemistry which are viewed as essential to success in
organic chemistry (Duis, 2011), and I have chosen to look at the concepts of acids and bases with
the goal of establishing a foundation of data from which I can build a future research program.
The overarching question guiding my research is: What are undergraduate general and organic
chemistry students’ understandings of acids and bases? Specifically, I collected data to answer
the following research questions:
1. What knowledge or information do general chemistry students make use of when
identifying a molecule as an acid or a base and when comparing the relative acidity or
basicity of two molecules?
2. What knowledge or information do organic chemistry students make use of when
identifying a molecule as an acid or a base and when comparing the relative acidity or
basicity of two molecules?
3. How does the knowledge or information that general and organic chemistry students
make use of, when identifying a molecule as an acid or a base and when comparing
the relative acidity or basicity of two molecules, compare?
The overarching question is addressed more specifically by research questions 1 through 3.
Findings related to Questions 1 and 2 are used to answer Question 3, which focuses on
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identifying the similarities and differences between general and organic chemistry students’
understandings of acid–base concepts.
In the sections that follow, I will explain the methods I employed to address the research
questions listed above. Unless otherwise noted, the term “student” will include both general and
organic chemistry student participants. Designators such as “organic” and “general chemistry”
will be used to refer to organic chemistry or general chemistry student participants, respectively.
Student Participants
In line with my research questions, I solicited participation from two groups of students,
specifically students taking General Chemistry II and Organic Chemistry II at a large university
in the Southwestern United States. Students currently enrolled in those courses at the time of data
collection who had not already earned a final grade of C or better in the course at that university
were eligible to participate. This means that students who were retaking the class because they
were previously unable to pass it (with a C or better) were able to participate in the research
project; but students who were retaking the class after having passed with a C or better (and
were, thus, only attempting to improve their grade point average) were not eligible to participate.
All participants were 18 years or older.
I chose to interview participants from the General Chemistry II and Organic Chemistry II
courses because students in these courses would have received—either in their course or in a
previous course—directed instruction about acids and bases. Ideally, I wanted my participants to
have had the opportunity to learn about acids and bases before I interviewed them. To increase
the chance that students had learned about acids and bases before I interviewed them, I attempted
to conduct interviews with the General Chemistry II students within the two weeks following the
last semester exam covering acids and bases. In some cases, interviews occurred outside of this
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timeframe to meet the scheduling needs of the participants. This meant that, for the General
Chemistry II students, interviews occurred after their 2nd or 3rd exam of the semester, depending
on the rate at which their individual instructor covered material related to acids and bases.
While acid–base concepts are typically covered in a concentrated time period in General
Chemistry II courses, they are not covered in a focused manner or time period in the Organic
Chemistry II course. Instead, they are covered throughout the prior Organic Chemistry I course. I
chose to conduct interviews with the Organic Chemistry II students within the two weeks after
their second exam because, at this point in the course, they would have encountered acid–base
behavior in an organic chemistry setting and have learned about many different types of
reactions and mechanisms. I did not choose the first exam as my cut-off point because part of
that exam is devoted to spectroscopy and I wanted the students’ most recent focus to be on
content such as reactions and mechanisms.
With permission of the instructors, I visited the General Chemistry II and Organic
Chemistry II classes at their first meeting following the aforementioned exams. Using a specific
script, I informed the students about the project and asked for their participation in a face-to-face
interview in which we would discuss their understandings of acids and bases (Appendix A). I
handed out index cards to everyone present, excluding the instructor, and asked that anyone
interested in participating write their name and preferred email address on the card. Students who
provided contact information received an email from me thanking them for their willingness to
participate in my research project and attempting to schedule a mutually convenient time for us
to meet for the interview. While my goal was to schedule the interviews within two weeks of the
aforementioned exams, if a student was only able to meet after that two week period, I still
scheduled the interview and collected the data. My goal was to obtain 10 – 30 participants from
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each course because that is considered to be a typical number of interviews in a
phenomenographic study (Marton, 1986; Trigwell, 2006). When data collection was completed, I
had conducted interviews with 24 general and 30 organic students. Both of these numbers fall at
the upper end of my target range, and subsequent analysis of the interview transcripts indicated
that I had reached saturation with my data (Orgill, 2007). In other words, the last transcripts I
analyzed did not reveal any new patterns or trends that I had not seen in the analysis of earlier
transcripts.
Interview Protocol
The overall goal of the student interview protocol was to determine what students know
about acids and bases and to identify the information and knowledge they use to make sense of
acids and bases. The interviews were the same for both general and organic chemistry students
and consisted of rapport building questions, general acid–base questions, activity questions, and
wrap-up questions. Student interviews were semi-structured in nature and, in general, were 1-1.5
hours in length. The questions that were included in the interviews will be described in the
subsections that follow. A complete interview guide can be found in Appendix B.
Rapport Building Questions. These questions were designed to obtain general
background information about the students and help them relax and become accustomed to the
interview process. After asking students general questions about their education background, I
asked the students about science and chemistry in order to transition the interview to a more
scientific focus.
General Acid–Base Questions. This portion of the interview was fairly short and
involved a few questions about acids and bases, what students have learned about them, and how
much time they spent studying them in class. After answering these general questions, the
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students were given access to paper and writing implements and asked to provide a list of acids
and bases, as many as they could think of and in whatever format they preferred. The major
purpose of these questions was to narrow students’ focus and get them thinking about acids and
bases in preparation for the activity portion of the interview.
Activity Questions. Data from student responses to two activities were used primarily to
address the research questions. The activities were designed in order to access students’
understandings of acids and bases. The first activity was a categorization activity in which
students were shown 12 cards, each depicting a molecular structure, and were asked to classify
each structure as an acid or a base (all molecular structures are shown in the interview protocol
in Appendix B). Once all 12 cards were classified, the students discussed the reasoning for their
classifications. It is important to note that students’ classifications in this first activity influenced
the second activity. The second activity was a comparison activity in which students were shown
pairs of molecules, one set at a time. With the exception of the final set, each pair consisted of
one molecule from the previous activity and one new molecule. Six molecules from the first
activity were used in seven comparisons, as one of the molecules was used in two different
comparison pairs. Participants were only shown a total of eight pairs of molecules during the
second activity in order to prevent the interview from running too long. For more information on
why certain molecules were selected for the interview activities see Appendix C. For each pair,
students were asked to determine which molecule was more acidic or more basic, with the use of
“acidic” or “basic” in the question depending on how the student classified the card carried over
from the previous activity. Consider the following molecule used in both interview activities:
borane (BH3). During the second interview activity, when tasked with comparing borane versus
boron trifluoride (BH3 vs. BF3), the student would be asked “which of these two is more acidic?”
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if they had identified borane as an acid during the first activity. If instead the student had decided
that borane was a base in the first activity, they would be asked “which of these two is more
basic?” in the second activity. Students were asked to discuss the reasoning for their choices.
Wrap-Up Questions. This section dealt with students’ perceptions of the activities they
completed. They were asked to discuss the most difficult aspects of each of the two activities,
and then to identify the kind of information that might be helpful to have when performing each
activity. Students’ responses to this portion of the interview had the potential to both provide
additional data about their understandings of acids and bases and to provide the students with an
opportunity to describe how they thought instruction about acids and bases could be improved in
chemistry courses. Subsequent analysis showed that the information gathered from students’
responses to these questions was not directly relevant to the research questions of the current
study. As such, it will not be discussed in this dissertation. Instead, I will use the information
provided by the students to improve my own instruction of these concepts in the future. After
providing them with an opportunity to make any additional comments or questions, I thanked the
students for their participation and concluded the interviews.
Interview Procedure. Interviews were audio and video recorded. In addition to this, I
made hand-written notes during the activities. These notes served to track responses and ensured
that my phrasing in the second activity properly reflected students’ choices from the first
activity. Participants had access to cards with molecular structures (but not names) on them
during both activities and were allowed to make notations on the previously provided paper or on
the cards directly if they so desired. Video recording provided me with the ability to pair up
gestures to specific molecules or portions of molecules with relevant dialogue in order to clarify
any vague responses. While these clarifications were not always needed, it would not have been
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possible to obtain them with only audio data available. For instance, when looking at a molecule
a student might say something like “I think this is an acid because of this” and use a physical
gesture such as pointing, as opposed to verbally indicating what specific part of the molecule
“this” refers to. I did not feel that field notes could be relied on to capture the information needed
in these cases. The video provided me with a reliable record that I made use of on multiple
occasions. The video recording was taken from an overhead angle, giving a clear view of the
table, molecule cards, and gestures made to the cards while also avoiding capturing most of the
participant’s body. This last feature of the recording angle was often a key factor in assuaging a
participant’s anxieties about being filmed. In fact, even participants who expressed significant
trepidation at being recorded were visibly relaxed when they understood just how little of their
bodies would be in the frame.
Any materials that the students wrote on, whether it was the molecule card, or a separate
sheet of paper were also collected for possible future analysis.
Data Preparation and Analysis
In the sections that follow, I will describe the manner in which I prepared data for
analysis and then the manner in which I analyzed the prepared data.
Data Preparation
Data analysis began with the transcription of the audio files from the interviews. I
focused my data preparation and analysis only on the interview sections that were relevant to my
research questions, starting with the sections about the two activities until the end of the
interviews. I transcribed these portions of each interview verbatim. I consulted the video files or
any student-generated drawings or writings only when what the students were referring to was
not clear from the audio files (e.g., the students referred to “this” or “that” or “those”). For
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example, sometimes I added notes to the transcript in square brackets to indicate the meaning of
unclear words (e.g., “…this [the H on NH3]”). Other times, I scanned drawings made by the
students during the interviews and added cropped, labelled images directly to the transcripts. The
additions of images was particularly useful for making sense of student comments about specific
structures or reaction mechanisms.
To facilitate the analysis of the data, each transcript file was separated into two smaller
files, with one file including the portion of the interview transcript that focused on activity one
and a second file including the portion of the interview transcript focused on activity two. This
afforded me the flexibility to manipulate the data from the activities separately or combine them
as I saw fit.
Coding
Once the interview transcripts were prepared as described above, I added them to my data
analysis software, ATLAS.ti version 8.4.22.0, and began to analyze the data using a grounded
approach (Bernard & Ryan, 2010). As an initial step in this analysis, I read through the
transcripts several times, creating descriptive codes as I noticed patterns emerging in the data
(“coding” the data). For instance, one of my early codes came from the observation that students
often referenced the presence of a hydrogen atom in a molecule as being the reason for
categorizing said molecule as an acid. Therefore, I created a code called “Presence of Hydrogen”
which described that pattern of data. When a new pattern seemed to emerge, I examined my
existing codes in order to ensure (a) that I was not creating redundant codes and (b) that I
understood where the boundaries of my existing codes were. My examination of each additional
transcript resulted in the addition and description of new codes, as well as the modification or
deletion of other codes. After several attempts at developing and modifying a list of codes that
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described the different types of knowledge and information that my student participants used
when deciding if a molecule was an acid or a base or when making a decision about the relative
acidity or basicity of a molecule, I ultimately decided that it would be most useful to create codes
that were very detailed and specific. For example, I created a code called “Hydrogen Details”
even though I already had the code I referenced earlier, “Presence of Hydrogen.” The former of
these codes was used when participants made reference to hydrogen in a manner that contained
some form of additional information such as “…. because of that hydrogen bonded to the
oxygen” whereas the latter of these was used when participants made reference to the presence
of hydrogen without any additional information. Once I felt that my code list was stable and
would likely not be changing in a way that introduced new ideas not already covered by existing
codes, I applied this stable list of codes to the transcripts I uploaded into ATLAS.ti. In other
words, I verified that appropriate sections of each transcript were assigned to their corresponding
codes within the ATLAS.ti program.
Organizing and Grouping Codes
Because I decided to create very specific codes, my final, stable code list contained over
70 codes. I recognized that this was a rather large number of codes, so I wanted to determine if I
could see patterns within my codes, patterns that would allow me to group existing codes and
reduce the codes to a more reasonable number. Because it was overwhelming to examine my
entire data set while attempting to group and reorganize my code list, I ultimately chose to
examine a subset of my data, an ATLAS.ti report of the codes I had assigned to portions of the
interview transcripts of 5 organic chemistry students as they completed activity one. Within that
data, I was able to see patterns that allowed me to group certain codes together, a process that
resulted in a new, more manageable, list of codes. Once that new list of codes was stabilized, I
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re-coded each of my transcripts according to this new list. After re-coding the transcripts using
the more organized code list I went through the codes with the goal of decreasing the total
number by merging or deleting codes as appropriate. For instance, I merged “Strong Acid” and
“Strong Base” into a new code called “Strong Acid–Base” because having separate codes to
distinguish between what was being identified as strong did not seem as important as noting the
fact that the idea of a strong acid or base had been brought up. It is this new, shorter list of codes
that I used to inform the discussion of my results (for a list of code definitions, see Appendix D).

69

CHAPTER 5
RESULTS AND DISCUSSION
Overview
In this Chapter, I will describe trends that I observed in participants’ reasoning when they
identified a molecule as an acid or a base and when they compared the relative acidity or basicity
of two molecules.
During the presentation and discussion of the results, it is important to keep in mind that I
am discussing my participants’ reasoning, their ideas, and their perceptions. If I am summarizing
a line of reasoning that was common for my participants, I am not making any implication as to
whether or not their line of reasoning or conclusion is correct. If I explain a series of associated
concepts or ideas and how the data indicate they are related, it could appear as if I am making
some kind of statement about how those ideas are in fact tied together in terms of chemistry in
general—I am not. For example, just because participants mention that seeing a lone pair of
electrons made them think a molecule could donate electrons, and was therefore a base, does not
mean this association is correct, incorrect, or partially correct as far as chemistry is concerned.
It is also worth noting that I will refer to “students” differently in this Chapter than I did
in the previous Chapter. Specifically, when discussing my results (as opposed to findings from
published studies), I will use the term “participants” to refer to the students who participated in
my study. Any references to “students” that do not explicitly include the word “participants” will
refer to students in general and not specifically the students who participated in this study. For
instance, if I write “general chemistry student participants” I am referring to the general
chemistry student participants from the current project. If I write “general chemistry students,”
“students,” or “chemistry students” I am referring to chemistry students in general.
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All of the names used to refer to student participants and specific instructors are
pseudonyms.
Observed Trends
In the current study, I was interested in documenting the knowledge or information that
general and organic chemistry participants use when identifying a molecule as an acid or a base
and when comparing the relative acidity or basicity of molecules. In their interview responses,
the participants seemed to be identifying acids/bases or assigning relative acidity/basicity based
on recognition (e.g., “this molecule looks like another molecule I know to be an acid”),
composition (e.g., “this molecule contains _____, which I associate with an acid”), and behavior
(e.g., “this molecule behaves in a way that I associate with acids”). In the sections that follow, I
will discuss the specific types of information that students used in their responses to the
interview activities, starting with the less conceptually complex forms of reasoning based on
recognition and moving toward more complex forms of reasoning based on molecular behavior.
Have I Seen This Molecule Before? Recognition
Recognition played a role in some participants’ reasoning when identifying a molecule as
an acid or a base and when comparing the relative acidity or basicity of two molecules.
Sometimes participants indicated they simply knew something to be true without offering an
explanation. For instance, if I recognize my friend Jeff I might say “that’s Jeff” without
providing an explanation of why I know his name is Jeff; I have recognized something about
Jeff, specifically his name. My ability to recognize Jeff does not necessarily indicate that I know
anything about him other than his name, but it does indicate that I know something. Sometimes
the recognition was explicit, where participants openly told me they were familiar with the
molecule in some way such as stating “I know this is a base; I’ve seen it a lot.”
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Sometimes the recognition was implicit such as when participants referenced the names
of molecules. For instance, they might say “this is sodium hydroxide.” In either the explicit or
implicit cases, students recognized a molecule and, more importantly, recognized the molecule
as an acid or a base (although not always correctly). At other times, participants recognized
features, behaviors, molecules, and similarities between molecules. They would then use that
perceived similarity between the two molecules to inform their decisions about acidity and
basicity, inferring that the two molecules would be alike in that regard as well. An example of
this type of recognition would be if, upon noticing that my friend liked oysters I said “I see you
like oysters, that reminds me of my stepfather. He loves oysters. He likes dogs too. I bet you like
dogs.” In this case the students focused on the fact that the two molecules were similar to each
other, as opposed to what makes them similar to each other.
In the following section I will discuss how participants made use of recognition when
identifying a molecule as an acid or a base and when comparing the relative acidity or basicity of
two molecules. Specifically, I will discuss their direct recognition of molecules as acids and
bases and the ways they used a recognized similarity between two molecules to make decisions
about acidity. I will then discuss what I have termed out of context recognition, which occurs
when participants recognized a molecule from a context other than acid–base chemistry and then
attempted to apply what they knew about the molecule from that other context to them make
decisions about the molecule’s acidity or basicity. The final trend that will be discussed is
students’ unique recognition of water as an amphoteric substance.
Recognizing Molecule
When identifying a molecule as either an acid or a base and when comparing the relative
acidity or basicity of two molecules, participants often indicated they were familiar with the
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molecule or a given aspect of the molecule. Some participants simply stated that they were
familiar with the molecule and provided an identity for the molecule (e.g., “I know that
molecule. It’s a base”). Other participants both indicated a familiarity with a particular molecule
and provided an explanation of why that molecule was an acid/base or of the relative
acidity/basicity of the molecule. In this, as in all other sections in this Chapter, I will first discuss
the reasoning of general chemistry participants, followed by the reasoning of organic chemistry
participants, in accordance with research questions 1 and 2.
General Chemistry Participants. Sometimes general chemistry participants explained
that they simply knew a molecule was an acid or a base because they were familiar with it. For
instance, Jack, a general chemistry participant explained that she thought ammonia (NH3) was a
base because she “remembered having really struggled with this one and the conjugate acid. And
so after seeing it so many times I just learned that [NH3] was a really weak base.” She shared that
ammonia and its conjugate acid were molecules she had encountered in the past and struggled
with before eventually simply remembering that ammonia was a weak base. Another general
chemistry participant, Garrus, felt very certain that acetic acid (CH3COOH) was a weak acid and
said “Acetic acid. I am 100% sure it’s a weak acid.” Not only did Garrus recognize the type of
acid he was looking at, but he also remembered its name and, given that “acid” was part of the
name, it is not surprising that he decided to identify acetic acid as an acid. Yet another student,
Adrien, told me why he recognized sodium hydroxide (NaOH) and why he thought it was a
strong base. He explained that NaOH was “one of the strong bases that we memorized,” making
reference to a list of strong acids and bases that participants had to memorize for their course. In
each of these cases, students seemed to have memorized that certain substances were acids (or
bases) instead of being able to explain why those substances were acids or bases.
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Sometimes when faced with a pair of molecules and asked to choose which is more
acidic or more basic, participants relied on recognition in a way that struck me as unbalanced.
What I mean by “unbalanced” is that instead of demonstrating a familiarity with both molecules
being compared and then coming to a decision of which molecule was more acidic or more
basic, participants’ explanations only involved recognition of one component. For example,
when Jack compared water (H2O) and phenol she said:
Jack:

Because I know that it [H2O] ionizes so little I would just assume that
regardless [of] whether it’s acting as an acid or a base, [phenol] would
have to be stronger because water is like just really that negligent, it’s just
really that low.

Organic Chemistry Participants. Organic chemistry participants also made use of their
familiarity with molecules when identifying a molecule as an acid or a base. For example,
Garrett talked about lithium aluminum hydride (LiAlH4) and explained why he thought it was a
base. He said “He’s a strong base. That I know. He’s a reagent so we cut it short, we call it LAH,
but that’s a strong one too, he’s very very strong.” Garrett’s statement about lithium aluminum
hydride serves as an example of a few types of recognition. He knew that it was a strong base,
and he knew the shortened version of the molecule’s name.
During the second activity in which participants were asked to compare relative acidity or
basicity, organic participants’ use of recognition was also sometimes “unbalanced.” For example,
Garrett decided that ammonia (NH3) was more basic than hydrazoic acid (N3H). Referencing his
familiarity with ammonia, he explained:
Garrett:

Based on my knowledge, seeing as I’m more familiar with NH3 being a
base than [N3H]; and even looking at [N3H], I see the charges [on Ns]
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were—okay yeah, the charges are balanced out—but [N3H]’s just funky.
On my knowledge, I would just chose [NH3] just because I know him for
sure.
Garrett started to consider examining the details of hydrazoic acid but abandoned this in favor of
choosing the molecule that he knows about “for sure.”
Similar Molecule
Sometimes participants used a perceived similarity between two molecules to help them
make decisions about the acidity or basicity of one of the molecules. For example, if someone
attempting to identify borane (BH3) said “It reminds me of that other molecule, NH3 because of
the 3 Hs so I’m going to say that BH3 is a base too,” that would be an example of this trend. Both
participant groups used perceived similarity between molecules to inform their decisions when
identifying a molecule as an acid or a base more than they did when comparing relative acidity
or basicity.
General Chemistry Participants. Sometimes general chemistry participants were not
familiar with the specific molecule I showed them during the interview, but noticed a similarity
between it and some other molecule with which they were familiar. Miranda explained how she
approached identifying lithium diisopropylamide (LiN(C3H7)2) as a base and said:
Miranda:

Okay, so you know the strong bases list?

I:

Uh huh

Miranda:

There are specific ones [that] are in parentheses like (OH)2 [the “2” was
spoken] like OH-minus and like two and so I saw parentheses-2 [( )2] and
then I was like…”
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At this point in her explanation, she trailed off and resorted to gestures. Essentially, though,
when she looked at the condensed formula of lithium diisopropylamide, which appears on the
card as LiN(C3H7)2, she noted that there were atoms in parentheses with a subscript of two. This
reminded her of bases from the list of strong bases she memorized because those bases also had
atoms in their formula in parentheses and with a subscript. To better understand what Miranda
was saying, consider the strong base, Ba(OH)2. Miranda explained that when she saw “(C3H7)2”
in lithium diisopropylamide’s formula it reminded her of how some of the strong bases had
“(OH)2” in their chemical formula which then made her consider that, perhaps, lithium
diisopropylamide was a base. When it came to the exact nature of the similarity between the two
molecules, participants tended to focus on surface-level features such as similarities in the way a
chemical formula was presented or looked, including but not limited to, notations within the
condensed formula.
During the second interview activity, in which participants were tasked with comparing
the relative acidity or basicity of two molecules, the manner in which participants used the
perceived similarity between molecules changed. When comparing two molecules, the
participants considered both the similarities and differences between the molecules with the hope
that doing so would yield information about which one was more acidic or basic. This mostly
happened with pyridine vs. pyrrole (C5H5N vs. C4H5N), but was also seen for borane vs. boron
trifluoride (BH3 vs. BF3) and acetylene vs. acetylacetone (C2H2 vs. C5H8O2). For example, when
Garrus considered the comparison of pyridine vs. pyrrole, he was not able to come to a decision
about whether the individual molecules were acids or bases or about their relative acidities, but
he attempted to use differences in the formulas to reason which was more acidic:
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Garrus:

The different proportions [of atoms] are telling me something about
[pyridine and pyrrole]. […] Obviously having one more carbon and one
less carbon does make a difference, but I assume that it changes its
properties. It could be more basic or it could be more acidic or it could be
both, but there’s a difference, that’s what I absolutely know. Other than
that I don’t know.

Garrus looked at the condensed formula for pyridine (C5H5N) and pyrrole (C4H5N) and noticed
they only differed by one carbon atom. He assumed that difference in the composition would
result in differences in the behaviors of the molecules, but did not know what those differences
in behaviors might be.
Organic Chemistry Participants. Organic chemistry participants also made use of
perceived similarities when identifying molecules as acids or bases. For instance, Oghren
explained why he considered sodium bicarbonate (Figure 5) a base and said:
Oghren:

So I kinda compared it to NaOH with the Na and then [HCO3] over here
being grouped together with the negative and then also [O] has a negative
charge and it’s gonna wanna get rid of some of those electrons.

Figure 5
Sodium Bicarbonate (NaHCO3)
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When considering the two condensed formulas NaOH and NaHCO3, Oghren views the HCO3 in
sodium bicarbonate’s formula as analogous to the OH in sodium hydroxide’s formula and, given
that hydroxide (OH–) is the basic component of NaOH, he concluded that sodium bicarbonate
was a base. He has demonstrated how the similarity he perceived between NaOH and NaHCO3
informed his reasoning and, likely, directed his attention towards certain components of sodium
bicarbonate’s formula and contributed to his identification of sodium bicarbonate as a base.
There were not many organic chemistry participants who used the concept of similarities
and differences between molecules to make decisions about relative acidity/basicity during the
second interview activity, but a few of them did. For example, Cass discussed both the
similarities and differences between sulfuric acid (H2SO4) and hydrogen sulfate (HSO4–) when
she said, “They’re the same thing basically, except for the hydrogen, which is what changes
everything.” She went on to indicate that the extra hydrogen in sulfuric acid and the negative
charge on hydrogen sulfate indicated that hydrogen sulfate was a base and, therefore, not the
better acid. Her determination of the relative acidity/basicity of the two molecules was thus
informed by a recognition of the similarities and differences between the molecules.
Out of Context Recognition
Most of the ways that both participant groups used recognition involved direct
recognition of the molecule under consideration, or they noted a similarity between two
molecules and then extended that similarity to the realm of acid–base chemistry using their
knowledge of the familiar molecule to help them make their decision. In addition to these types
of recognition, some organic participants also recognized molecules from a context that, at least
in their mind, was not related to acid–base chemistry. They then attempted to make use of what
they knew about the molecule from that other context to help them make decisions about the
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molecules acidity or basicity. I termed this “out of context recognition.” Participants used out of
context recognition with molecules they identified as reducing agents, typically lithium
aluminum hydride (LiAlH4), and with aluminum chloride (AlCl3), which they typically
associated with reactions involving aromatic systems. How much participants made use of their
understanding of the reaction from the other context in order to identify a molecule as an acid or
a base varied. In general, however, they were more able to discuss the details of lithium
aluminum hydride’s role in oxidation–reduction reactions than aluminum chloride’s role in the
Friedel-Crafts reactions. For instance, Cora attempted to use her understanding of how lithium
aluminum hydride behaves as a reducing agent to help her decide if it was an acid or a base. She
said:
Cora:

This is lithium aluminum hydride. And so this one has a negative ion, well
the aluminum does because it’s attached to all four. I’m not so sure if this
is an acid or b- I know this is a reducing agent because it can transfer the
hydride ion, but I don’t know if this makes it an acid or a base because I
know for it to be an acid it needs to be able to donate protons. That’s just
the definition of that, but this is donating a hydride which is not the same
as a proton.

Like Cora, other organic participants attempted to use their understanding of the chemistry they
typically associated with the molecule in question when identifying the molecule as an acid or a
base. For example, Cass also struggled to determine how she could use her knowledge of lithium
aluminum hydride as a reducing agent to help her decide about its identity as either an acid or a
base. She said:
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Cass:

[LiAlH4] is a reducing agent and that’s the like the main thing that I
understand with that. […] it’s able to increase the hydrogens [on another
molecule] so if you’re increasing hydrogens and reducing then maybe it’s
acidic but then again maybe it’s… I’m not sure…

Often the associations that furthered participants’ reasoning were more surface-level and
did not result in the proper classification of the molecule. When Morrigan explained why she
thought lithium aluminum hydride was an acid, she noted that it was “a strong reducing agent.
To have reductions you need to add hydrogens. Therefore, it has to have hydrogens to give,
which makes it an acid.” In an organic chemistry course, it is common to think about oxidation
in terms of molecules gaining or losing hydrogen and oxygen. Specifically, when a molecule is
reduced (by a reducing agent), it gains hydrogen and loses oxygen. Likewise, when a molecule is
oxidized (by an oxidizing agent), it gains oxygen and loses hydrogen. Another way of looking at
this would be to say that reducing agents provide hydrogen to and remove oxygen from the
molecule being reduced. This is a helpful generalization to use when analyzing oxidation–
reduction reactions because it allows an individual to quickly look at the molecule before and
after it has reacted and, based the change in the number of hydrogen and oxygen atoms,
determine if the molecule was oxidized or reduced. What this generalization does not do is
provide details regarding the exact nature of the atoms or ions the molecule is gaining or losing.
When a molecule is reduced by having hydrogen added to it, the added hydrogen is in the form
of a hydride ion (H–), not a hydrogen ion (H+). In general chemistry classes, students learn that
bases are “proton acceptors” and acids are “proton donors.” If the students do not understand that
there is a difference between hydride ions and hydrogen ions and think of both of these,
interchangeably, as “hydrogen,” they may incorrectly assume that reduction (the addition of a
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hydride ion) is the same as acting as a base (gaining a proton). In fact, I believe that the
conflation of hydride ions with hydrogen ions may have led participants like Morrigan to
incorrectly determine that because lithium aluminum hydride is a source or provider of
“hydrogen,” it is, therefore, an acid (a proton donor).
The other molecule that organic participants were familiar with from a specific context
was aluminum chloride (AlCl3), which they often recognized as being involved in Friedel-Crafts
reactions (alkylation and acylation). Technically, aluminum chloride is an acid catalyst in these
reactions; however, the way that participants used their association of aluminum chloride with
the Friedel-Crafts reactions seemed to indicate that, at least initially and sometimes for the entire
explanation, they were not necessarily aware that acid–base chemistry was involved. In other
words, instead of saying “I recognize this! Aluminum chloride is an acid catalyst in the FriedelCrafts reaction,” their responses were more along the lines of “I’m not really sure what’s going
on with this molecule but I’ve seen it in the Friedel-Crafts reaction.” Thus, even though, in
actuality, aluminum chloride is involved in acid–base chemistry, the participants did not seem to
recognize it as such. Therefore, for the participants in this study, their recognition of aluminum
chloride and its behavior was “out of context.”
Some participants seemed to only recognize that aluminum chloride was a reagent in a
Fridel-Crafts reaction but did not (or could not) reason about the fact that it behaves as a Lewis
acid in that reaction. For example, Dorian decided that aluminum chloride was a base because “it
didn’t have any hydrogens in it and I’ve seen it in Friedel-Crafts alkylation. I’m pretty sure I
don’t recall something without hydrogens donating hydrogens.” Dorian’s comment at the end of
the quotation was him making a bit of a joke about how since aluminum chloride lacks hydrogen
atoms it could not have behaved as an acid in the Friedel-Crafts alkylation because how could
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something that lacks a hydrogen donate a hydrogen? While it is clear that Dorian recognized
aluminum chloride as a molecule that is involved in organic reactions, his ability to identify it as
an acid or a base was limited by his adherence to the Brønsted-Lowry model of acid–base
behavior (as opposed to considering the Lewis model).
Most of the participants who recognized that aluminum chloride was involved in the
Friedel-Crafts reactions attempted to make use of their knowledge of that reaction (which
involves electrophilic aromatic substitution) to identify aluminum chloride as an acid or base.
They were often not successful in those attempts. For instance, Isabela talked about how she
lacked the ability to provide an explanation for her decision that aluminum chloride was a base
although she attempted to access her understanding of the role it plays in electrophilic aromatic
substitution reactions. She said:
Isabela:

I remember its common use in EAS [electrophilic aromatic substitution]
reactions but that was a couple semesters ago for me, so I’m blanking on
the mechanism. I wanna say it helps catalyze it by assisting in removing
one of the Hs in the benzene but I’m pretty sure that’s wrong so this is
kind of a SWAG [Scientific Wild Ass Guess] for me.

She went on to express that she thought about trying to understand how aluminum chloride
functions by thinking about the “definition of acids that deals with sharing electrons” but was
unable to further that line of inquiry. In the end, she falls back on the idea that if the molecule
lacks hydrogen it cannot be an acid. Again, although she recognized aluminum chloride as a
reagent in a particular type of reaction, her ability to correctly identify aluminum chloride as an
acid was hindered by her adherence to the Brønsted-Lowry model of acid–base behavior and
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either her lack of understanding of the Lewis model of acid–base behavior or her inability to
think of the mechanism of the Friedel-Crafts reaction.
Water Can Be Both
Water (H2O) provided a unique case of molecule recognition. It is unique because the
recognition of water for what it is—something that can act as both and acid and a base—
involved going beyond the boundaries of the identification activity which required them to
decide if a molecule was an acid OR a base. In spite of this limitation, almost every single
participant recognized that water can act as both an acid and a base (i.e., is an amphoteric
substance). The almost unanimous response of classifying water as “both” indicates to me that
the association that participants had of water as an amphoteric substance was strong. The fact
that in order to provide this response they went beyond the response parameters of the activity
adds further support to that view. This result is somewhat surprising when considering how
Romine et al. (2016) reported the opposite, that general chemistry participants at all levels of
understanding (beginning, middle, and proficient) did not think that water can act as both an acid
or a base.
What Is This Molecule Made Of? Composition and Structure
When general and organic chemistry participants identified a molecule as an acid or a
base and when they compared the relative acidity or basicity of two molecules, they often made
use of the composition and structure of a molecule as part of their reasoning. References to the
composition of molecules include the presence of atomic components such as atoms, electrons,
and charge. References to the structure of molecules includes the physical arrangement of the
atoms in space. In the following section of the discussion I will provide details on how
composition and structure were involved in participants’ reasoning when they identified a
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molecule as an acid or a base and when they compared the relative acidity or basicity of two
molecules.
Presence of Hydrogen
General and organic chemistry participants often referenced the presence of hydrogen as
part of their reasoning when identifying a molecule as an acid or a base and when comparing the
relative acidity or basicity of two molecules. In fact, every single participant in this study
referenced the presence of hydrogen at least once as part of their reasoning during the first
interview activity, when they were tasked with identifying a molecule as an acid or a base.
During the comparison activity, there were not as many references made to the presence of
hydrogen as there were in the first activity; but most participants brought it up at least once. In
general, the presence of hydrogen in a molecule was associated with that molecule’s identity as
an acid and with its acidity.
The way that participants discussed the presence of hydrogen can be organized into two
broad categories: (a) participants brought up hydrogen and only discuss the fact that it is present
without providing any additional details about the hydrogen and (b) participants brought up
hydrogen and provided additional details about the hydrogen. For instance, an example of the
less detailed reference to the presence of hydrogen would be “this is an acid because it has
hydrogen.” If, instead, they said “this is an acid because it has hydrogen, and I know this
particular hydrogen on the end is acidic,” I would consider their statement “detailed” in that they
have provided additional details about the hydrogen itself.
General Chemistry Participants. Most of the general chemistry participants made
reference to the presence of hydrogen in a chemical formula when explaining why a molecule
was an acid, as opposed to a base; and just over half their references to the presence of hydrogen
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were considered to be less detailed. For instance, when asked why he decided borane (BH3) was
an acid, Thane provided the rather succinct reply of “The Hs.” While it is true that many acids
have hydrogen atoms in their formulas, the mere presence of hydrogen does not confer acidity on
the molecule. For example, while borane is, indeed, an acid, the hydrogens in borane are not
acidic (cannot be donated to a base, as in the Brønsted-Lowry model of acid–base behavior).
Instead, borane is a Lewis acid that, because of the empty p orbital on the boron, can accept
electrons from a Lewis base.
While not as common, general chemistry participants also associated the absence of
hydrogen with a molecule not being an acid. When I asked Aria what made her decide that
aluminum chloride (AlCl3) was a base (it is not), she explained “because basically there’s no H.”
Further discussion with Aria about her uncertainty over her choice for aluminum chloride
revealed that she was not particularly comfortable with the idea of aluminum chloride as a base
and explained further “well if this [AlCl3] was the base then the conjugate acid would be
something like HAlCl3, and I’ve never seen that as an acid.” Her decision was less about
identifying how the molecule possessed traits associated with basicity and more about how the
molecule lacked traits she associated with acidity. This is not a bad approach in general, but it
did not pay off for Aria because she, like Thane, only considered the Brønsted-Lowry model of
acidity and focused on hydrogen. If she had considered the Lewis model of acidity, which states
that acids accept electron pairs, she might have been able to see how aluminum chloride is an
acid.
When it came to more “detailed” references to the presence of hydrogen, the most
common information referenced by general chemistry participants was about where the hydrogen
appeared in the condensed formula of the molecule. For example, Javik determined that lithium
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aluminum hydride (LiAlH4) was an acid, although he placed it in the “acid less sure” category.
When asked what made him decide it was an acid (it is not), he said “the hydrogen.” I then asked
why he was less sure, and he replied that it was because “[the hydrogen] wasn’t in the front.”
Javik is referring to the fact that the condensed formula, LiAlH4, lists the hydrogen on the right
side (the back) as opposed to the left side (the front). Sometimes when there is an acidic
hydrogen in a molecule it is noted by listing the hydrogen on the left of the condensed formula.
While this is a common convention in chemistry, it should not be relied on too heavily as acidic
hydrogens can be listed on the right side of a condensed formula as they are with ammonium
(NH4+). It should be noted that in this case Javik was right to be suspicious as the hydrogens in
lithium aluminum hydride are not acidic given that hydrides, as the name suggests, are
negatively charged species associated with basicity.
Another way that general chemistry participants discussed the presence of hydrogen in a
detailed fashion can be seen by considering Liam’s discussion of the acid, ammonium (NH4+).
Initially, he determined that ammonium was a base; but as he was explaining why he made this
choice, he realized that he wanted to change his mind. He said “now that I think about it, [NH4+
is] probably an acid because it has more hydrogen.” When I asked him what he meant by “more
hydrogen,” he clarified: “more hydrogen than [NH3].” Liam recognized that ammonium
contained one more hydrogen atom than a molecule that looked very similar to it (ammonia,
NH3) and because ammonium had more hydrogen atoms than ammonia, ammonium must be an
acid. In other words, according to Liam’s reasoning, for two molecules that are similar, the
molecule with more hydrogen atoms is the more acidic.
While many general chemistry students associated the mere presence of hydrogen in a
formula as a characteristic of an acid, there were a handful of general chemistry participants who
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explicitly said that they knew the presence of hydrogen was not always indicative of an acid. For
example, Miranda expressed some dissatisfaction via her tone when she explained why she
thought borane (BH3) was an acid and brought up the presence of hydrogen. I asked her about
why she did not sound happy with her decision and she explained further:
I:

What made you decide to put [borane] in the acid category?

Miranda:

The hydrogen.

I:

That’s okay! So, from your reaction I feel that you are not super stoked on
using that as the foundation. So why is that? You’ve mentioned hydrogen
before for acid. So why are you less pleased?

Miranda:

I feel like if I determine that it’s an acid or a base I think there should be
more of a foundation as like why I’m saying that this is an acid rather than
just ‘oh cause there’s hydrogen.’ Cause there are some bases that do have
hydrogens.

Miranda recognized that the presence of hydrogen does not always mean that something is an
acid and she was unhappy with the fact that her explanation of why borane was an acid only
involved pointing out the presence of hydrogens. As far as borane is concerned, Miranda’s
dissatisfaction was not out of place as borane is a Lewis acid and accepts electrons; it does not
donate hydrogen ions.
In the second activity, some participants continued to simply reference the presence of
hydrogen when comparing the relative acidity of two molecules. For instance, when Adrien
compared the relative acidity of borane (BH3) and boron trifluoride (BF3), he said that
“[borane’s] more acidic because it does have the hydrogens.” He reasoned that since borane has
hydrogen and boron trifluoride does not, borane was the better acid. However, general chemistry
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participants more often provided additional details about hydrogen when comparing the acidities
of two molecules. For example, they often pointed out differences in the number of hydrogen
atoms between two molecules. In general, they associated a larger number of hydrogen atoms
with a molecule being the stronger acid. Tali explained why she thought sulfuric acid (H2SO4)
was more acidic than hydrogen sulfate (HSO4–) “I just remember if you had more oxygens or
more Hs it made it more acidic. More hydrogens than oxygens.” Less common was bringing up
how the presence of fewer hydrogen indicated that a molecule was a better base. For example,
when Ashley explained why she thought hydrazoic acid (N3H) was a better base than ammonia
(NH3) she said it was because “there’s just less hydrogen [in N3H] than this one [NH3].” While
the way that Tali and Ashley used the presence of hydrogen as part of their reasoning was not
identical, they both still associate a larger number of hydrogen atoms in a formula with increased
acidity.
Organic Chemistry Participants. Organic chemistry participants also often discussed
the presence of hydrogen in a molecule when attempting to identify the molecule as an acid or
base. Their references to the presence of hydrogen could be either detailed or not, with a fairly
even split between the two types of references. As an example of the latter, Vivienne struggled to
identify borane (BH3) as either an acid or a base. After being unable to remember how to apply
the Lewis model of acidity, she explained “going back to my original thought process of what
acids and bases are I was like yeah there’s hydrogens here; maybe it’s a proton source.”
Participants were more likely to bring up the presence of hydrogen when discussing why
they thought a molecule was an acid, as Vivienne did, although they did sometimes point out
how the lack of hydrogen in a molecule indicated that the molecule was not an acid. For
instance, when Anders explained why he identified aluminum chloride (AlCl3) as a base (it is an
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acid), he said it was because “there’s no hydrogen ions.” His choice of base is less about how
aluminum chloride contains basic elements and more that it does not contain elements he
associates with acidity, namely hydrogen. Upon further prompting, he did acknowledge that the
lone pair of electrons on the chlorine atoms could potentially attract hydrogen ions.
In addition to discussing the presence of hydrogen in the less detailed fashion as Vivienne
and Anders did, organic chemistry participants also brought up the presence of hydrogen in a
more detailed manner. The most common detail that organic chemistry participants provided
along with the presence of hydrogen was their awareness of which hydrogen in a molecule was
acidic. For example, Duncan explained why he thought acetic acid was an acid by indicating
exactly which hydrogen was the acidic one. He said “You would lose this one [acidic hydrogen]
‘cause it’s more acidic because it’s closest to the electronegative atoms and the resonance.”
When comparing the relative acidity or basicity of two molecules, organic chemistry
participants—like the general chemistry participants—sometimes discussed how the amount of
hydrogen in each molecule informed their choice. When Cass was asked why she decided
sulfuric acid (H2SO4) was a better acid than hydrogen sulfate (HSO4–) she replied “[H2SO4] has
the extra proton.” However, most of the time, when organic chemistry participants talked about
the presence of hydrogen during the comparison activity, they focused on how the acidic
hydrogen in one of the molecules was “better,” in terms of its ability to be acidic, than the acidic
hydrogen on the other molecule. For example, Dorian explained why acetylacetone was the
better acid compared to acetylene (Figure 6). As he pointed to the methylene hydrogens (2°H) on
the acetylacetone, he explained that he chose acetylacetone as being more acidic than acetylene
because of “the two acidic protons here, due to resonance.”
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Figure 6
Acetylene (C2H2) vs. Acetylacetone (C5H8O2)

Dorian shared that he knew the methylene hydrogens (CH2) in acetylacetone, as opposed to the
ones on the methyl groups (CH3), were acidic because of resonance stabilization of the conjugate
base. He also later clarified that acetylene’s hydrogens cannot benefit from resonance the way
the hydrogens in acetylacetone do.
Comparing General and Organic Participants. The main difference in how general
and organic chemistry participants talked about the presence of hydrogen has to do with the
nature of whatever “detail” they included beyond hydrogen being present in the molecule. In the
first interview activity, most of general chemistry participants’ “detailed” references to the
presence of hydrogen in a molecule focused on where the hydrogen was listed in the condensed
formula. Hydrogens listed on the left were considered acidic, and hydrogens listed on the right
often caused general chemistry participants to doubt a molecule’s acidity or reject it outright.
Organic chemistry participants mostly focused on identifying the specific hydrogen that was
acidic. In some ways, these approaches are related in that they both attempt to identify specific
hydrogens in the molecule as being acidic (or not). How exactly the acidity of a hydrogen atom
was determined was different, though, as general chemistry participants relied on the position of
the hydrogen in the condensed formula and organic chemistry participants indicated having
knowledge of which hydrogen was acidic and often provided structural details and justifications
to back up their statements.
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During the second activity, general chemistry participants mostly focused on differences
in the amount of hydrogen between the two molecules. Molecules with more hydrogen atoms
were viewed as more acidic and molecules with fewer hydrogen atoms were viewed as less
acidic (or more basic). Organic chemistry participants, on the other hand, pointed out how
hydrogens on one molecule were more acidic than the hydrogens on the other molecule. In their
responses to both activities, general chemistry participants tended to focus more on surface-level
features associated with the chemical formula itself, while organic chemistry participants relied
on chemical behaviors implied by the structures of the molecules.
Presence of Lone Pair Electrons
A good number of participants, both general and organic, referenced the presence of lone
pair electrons in their discussions of acidity and basicity, usually associating their presence with
basicity. Less commonly seen was participants pointing out how the lack of lone pair electrons,
in addition to other factors, indicated that a molecule was not basic.
General Chemistry Participants. Approximately half of the general chemistry
participants brought up the presence of electrons at least once over the course of the interview.
Most of the time, they discussed lone pair electrons when considering if a molecule was an acid
or a base, as opposed to determining molecules’ relative acidity. For instance, Ryder discussed
why she thought lithium diisopropylamide (LiN(C3H7)2) was a base (Figure 7).

Figure 7
Lithium Diisopropylamide (LiN(C3H7)2)
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She explained “when I look at the formula, the Cs and the Hs immediately lead me towards acid;
but then lithium is a metal and [N] has the lone pair so actually it might be a base.”
Fewer general chemistry participants referenced the presence of lone pair electrons as
part of their reasoning during the second interview activity; and those that did often struggled to
get very far with their reasoning. For example, when Miranda compared the relative basicity of
ammonia (NH3) and hydrazoic acid (N3H), she determined that ammonia was more basic (Figure
8). When I asked her why she chose that molecule she said:
Miranda:

Back to the electron pair stuff, [NH3] clearly has one [lone pair] that it can
donate but then out of these ones [lone pairs on N3H], I guess the
negatives and the positive charges are like kind of throwing me off. So in
my mind, it [N3H] has electron pairs but I don’t know if it can really
donate them.

She noticed that the Lewis structure of hydrazoic acid—like the Lewis structure of ammonia—
shows lone pair electrons and mentions that, if a molecule can donate a pair of electrons, it is
basic (Lewis model of acid–base behavior). However, she seemed unfamiliar with the formal
charge notations on the nitrogens of hydrazoic acid and whether those formal charges might
affect whether the lone pair electrons on the hydrazoic acid could be donated to a Lewis acid.

Figure 8
Ammonia (NH3) vs. Hydrazoic Acid (N3H)
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Because she did not comment further, it is not clear if she was unfamiliar with the formal charge
notation or if she was unable to interpret the effect of the formal charges.
For some general chemistry participants, it was not just the presence of lone pair
electrons, but the number of lone pair electrons that determined a molecule’s relative basicity.
Tarquin decided hydrazoic acid (N3H) was more basic than ammonia (NH3) because of the
presence of lone pair electrons. Given that ammonia also has lone pair electrons (Figure 8), I
asked him to clarify exactly how the lone pairs in hydrazoic acid informed his decision. He
explained:
I:

What makes you choose [N3H]?

Tarquin:

The unpaired electrons

I:

Okay. So [NH3] has unpaired electrons as well; what’s better about those
[on N3H]?

Tarquin:

Honestly?

I:

mhm

Tarquin:

I would just say that there’s more of the nitrogen with them.

He associated a molecule’s ability to act as a base with how many lone pair electrons are present
in the molecule. If there are more nitrogen with lone pair electrons, then the molecule is more
basic.
Organic Chemistry Participants. Over half of the organic participants brought up the
presence of lone pair electrons at least once when discussing acidity and basicity. As previously
mentioned, they tended to associate the presence of lone pair electrons with basicity. For
instance, Krem decided that ammonia was a base and explained “it was those lone pair electrons”
that led him to conclude ammonia was basic.
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When comparing molecules, a few organic chemistry participants reasoned that more
lone pairs of electrons indicated a more basic molecule. For example, Alistair shared that
hydrazoic acid (N3H) might be more basic than ammonia (NH3, Figure 8). He said “I mean
maybe [N3H], ‘cause it has more lone pairs.” More often, though, organic chemistry participants
considered more than just the presence of lone pair electrons when determining the relative
acidity/basicity of two molecules. They also considered whether or not the lone pair electrons
were available to participate in chemistry with other molecules, in that localized electrons are
more available than delocalized electrons. For example, Cole was able to avoid the general
association of more electron pairs = better base by making note of the delocalized nature of the
electrons in hydrazoic acid (N3H, Figure 8) and using it as part of his reasoning for why
ammonia (NH3) was more basic than hydrazoic acid. He said:
Cole:

[I’m] just vaguely remembering Dr. Chakwas saying something about
electron availability for hydrogens; and because this electron pair [points
to electron pair on the far right in Lewis structure of N3H] is involved in
resonance so to speak, it’s not necessarily 100% available.

Most of the organic participants who made use of the idea of the availability of lone pair
electrons were like Cole and discussed how electrons involved in resonance are less available.
When Josie decided pyridine was a better base than pyrrole (Figure 9), she discussed electron
availability. She said:
Josie:

So the lone pair [on N in pyridine] isn’t tied up in resonance, meaning that
it’s available to be given up. […] For pyrrole, this lone pair of electrons
[on N in pyrrole] is actually tied up in resonance in the ring, so this lone
pair contributes to the-. This is an aromatic structure. So I know this lone
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pair [on N in pyrrole] will not wanna deprotonate anything because it
would break aromaticity which would destroy a very big amount of
stability. So I would say that [pyrrole] would more likely be an acid kinda
maybe, but I’m not sure. But I know that [pyrrole] […] would be more
likely to give up the hydrogen than to take one away because they would
never wanna destroy the aromaticity of the ring.
In addition to discussing how the lone pair electrons are available on pyridine and,
therefore, capable of acting in a manner consistent with basic molecules, Josie also referenced
the fact that attempting to donate the lone pair on the nitrogen atom in pyrrole would break
aromaticity. There is a fair amount of stability associated with an aromatic system, so much so
that breaking the aromaticity of a system is a generally unfavorable process. Josie has recognized
that in addition to being tied up in resonance, the lone pair on nitrogen is needed to maintain
aromaticity and that losing aromaticity would cause the molecule to become less stable. Her
understanding of how the presence of the nitrogen atom in pyrrole affects the molecule’s
reactivity goes beyond what can easily be seen in the Lewis structure.

Figure 9
Pyridine (C5H5N) vs. Pyrrole (C4H5N)
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Comparing General and Organic Participants. Both participant groups associated the
presence of lone pair electrons with a molecule’s basicity. They brought up how the absence of a
lone pair indicated the molecule might be acidic less often than they associated its presence with
basicity. General chemistry participants discussed lone pair electrons less than organic chemistry
participants did, although the main difference between the participant groups can be seen in how
they approached comparing molecules. Overall, general chemistry participants focused on
surface-level features, such as the number of lone pairs of electrons, while organic chemistry
participants often brought up the availability of lone pair electrons. This is not to say that organic
chemistry participants never relied simply on surface-level features, like the number of lone pairs
of electrons, when determining relative basicity of two molecules; however, as a group, they
were more likely to look beyond the surface-level features in making their determinations.
Presence of Charge
Sometimes participants discussed the presence of charge and how charge informed their
decisions on acidity and basicity. In general, participants associated positive charge with acidity
and negative charge with basicity. Sometimes participants thought about the charge on the
molecule under consideration (e.g., talking about how NH4+ is an acid because of the positive
charge), and sometimes they thought about the charge on the resulting conjugate (e.g., discussing
how the conjugate base of acetic acid is able to accommodate the resulting negative charge).
General Chemistry Participants. General chemistry participants did not discuss charge
often. However, in general, they associated the presence of positive charge with acidity and
negative charge with basicity. After initially having incorrectly identified ammonium (NH4+) as a
base, Liara determined it was an acid and, as she worked through her reasoning, also identified
what charge she associates with bases. She said:
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Liara:

Well maybe this [NH4+] should be an acid cause this one is positive. Is this
ammonium?

I:

You’re allowed to change stuff if you want to, but I can’t tell what’s what.

Liara:

[…] I think I was supposed to memorize this one [NH4+] also because
bases have a negative charge so they can accept the proton.

As Liara worked through her thoughts about ammonium, she reassured herself by bringing up
how bases are negatively charged, the implication being that since ammonium is positively
charged it is less likely to be a base. She thought about why it is an acid but also why it is not a
base.
Some of the general chemistry participants who discussed charge were like Liara and
connected the presence of charge to other concepts associated with basicity. For instance, Liara
brought up how bases have a negative charge, which means they can accept a proton. She has
made a connection between the presence of charge and the ability of a molecule to behave as a
base. Not all of the general chemistry participants did this. Some of them associated charge with
a type of molecule (acid or base) without providing any information to indicate that their
association went beyond the general format of “has positive charge; therefore, acid” or “has
negative charge; therefore, base.” For example, when Adrien discussed ammonium he decided
that because “it has the hydrogen and the plus charge,” it was an acid.
Some of the general chemistry participants noticed the presence of charge in a molecule
(i.e., that positive or negative charges were indicated in the molecule’s Lewis structure), and
seemed affected by it. However, they were not always sure how the charge might be related to
acidity or basicity. Zaeed was less certain about his decision that lithium aluminum hydride
(LiAlH4) was an acid (Figure 10). He explained the source of his uncertainty:
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Figure 10
Lithium Aluminum Hydride (LiAlH4)

Zaeed:

Less certain because [flips card over to reveal Lewis structure] well this
[points to Li+ and negative charge] threw me off because I know that the
Brønsted and- you know they talk about- oh what was the-. Well I know
the Lewis talked about the electron pairs and Brønsted talked about donoryou know proton donors, proton acceptors so I guess I got thrown off by
the, the charge signs.

Zaeed struggled with his explanation, but he seemed to be less certain that lithium aluminum
hydride was an acid because of the charges on the molecule.
Most of the time general chemistry participants discussed the presence of charge when
comparing relative acidity or basicity was for the comparison of sulfuric acid (H2SO4) and
hydrogen sulfate (HSO4–). Several participants focused on the negative charge on hydrogen
sulfate. As previously mentioned, the participants associated negative charge with basicity in
general. In the case of hydrogen sulfate, however, they also discussed how the presence of a
negative charge provided them with specific information about the molecule. They reasoned that
a negative charge on hydrogen sulfate (HSO4–) indicated that the ion had already lost a hydrogen
(i.e., had already acted as an acid) and, therefore, hydrogen sulfate was incapable of acting as an
acid. For instance, when asked if she thought hydrogen sulfate would be able to act as an acid
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Miranda said no “because of that little minus line. So if it gives off another hydrogen I don’t
think a conjugate base could have two minus.” Miranda’s focus was on whether or not the
resulting conjugate of hydrogen sulfate acting as an acid could exist. She decided that a
conjugate base with a charge of negative two would not be likely to exist. What is interesting
about this is that the conjugate base of hydrogen sulfate is the sulfate ion (SO42–). General
chemistry students encounter the sulfate ion in their course starting in the first semester and are
often required to memorize it as part of the list of common polyatomic ions. It is unclear if she
did not think about the conjugate beyond having multiple charges and, therefore, did not realize
that it was an ion she has encountered before, or if perhaps she had forgotten having seen it.
Organic Chemistry Participants. Nearly every organic chemistry participant brought up
the presence of charge at least once when making decisions about acidity and basicity during the
interview activities. In general, participants associated positive charge with acidity and negative
charge with basicity. When they discussed charge, organic chemistry participants often went
beyond simply pointing out how a charge associated with either acidity or basicity was present.
Sometimes they brought up the idea that some charges are not ideal in the sense that the
molecule possessing a charge is likely to undergo some sort of chemical transformation in order
to eliminate the “bad” charge. For instance, when Josie explained why she thought lithium
diisopropylamide (Figure 7) was a base, she discussed how she thought nitrogen would react
given its current electronic environment:
Josie:

Nitrogen wouldn’t really wanna have a negative charge because it’s not
very electronegative, [the N] won’t hold on to the electrons very well it
just gives those up very easily. […] Especially because you have giant
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alkyl groups donating electron density which, you know hyperconjugation
isn’t crazy like strong, but with something like nitrogen…
Josie is essentially making a case for lithium diisopropylamide to act as a base by pointing out
that the destabilization of the nitrogen will result in lithium diisopropylamide donating its
electrons, a behavior which she associates with bases. Josie attempted to go beyond a surfacelevel association of “negative charge means base” by pointing out the reasons why the nitrogen
in lithium diisopropylamide would behave as it does. She arrived at the correct identification of
lithium diisopropylamide as a base, although her statement about nitrogen not being
electronegative is not correct. Nitrogen, in fact, is fairly electronegative. Her statement about
hyperconjugation is also incorrect and, given her mention of the size of the alkyl groups, it is
likely that she attempted to refer to the alkyl group’s ability to donate electron density via the
inductive effect. All errors aside, she did make an attempt to address implicit electronic factors
that would account for lithium diisopropylamide’s behavior as a base.
Josie’s quotation also illustrates something that organic chemistry participants often did
when discussing charge as they attempted to identify a molecule as an acid or a base. She
referenced how the molecule would behave. Organic participants often referenced how the
charge on a molecule indicated that the molecule would behave in a certain way, one that was
associated with either acidity or basicity. For instance, Merrill explained why she identified
sodium bicarbonate as a base; it was because “there is a minus charge on it which means you can
protonate it.” She associates negative charge on a molecule with its ability to accept a hydrogen
ion. While Merrill’s use of the molecule’s charge goes somewhat beyond the salient features of
the molecule in that she makes reference to behavior, her association is still overly generalized in
a way that could potentially lead her astray. Consider lithium aluminum hydride, which is a base
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and contains an atom with a negative formal charge (Figure 10). Merrill’s reasoning that a
negative charge indicates a molecule’s ability to accept a hydrogen would not explain why
lithium aluminum hydride often does not act as a Brønsted-Lowry base and does not accept a
proton. Instead, it is a Lewis base and will donate electrons in the form of hydride ions (H–),
typically to atoms other than hydrogen although it can also react with acidic protons. Her
reasoning also would not work to explain the fact that sodium bicarbonate can, under the proper
conditions, behave as an acid
Sometimes when deciding how to categorize a molecule, participants would evaluate the
result of the molecule having acted as an acid or a base. The purpose of doing so is to analyze the
resulting molecules and determine if one is somehow more favorable than the other. Typically
the more favorable process is indicated by whichever resulting molecule is more stable. For
instance, when Josie considered ammonia (NH3), she addressed the different charges that would
result if ammonia acted as an acid and a base. She explained that “I just know that it would give
up its lone pair; it’s not very electronegative so it wouldn’t be opposed to having a positive
charge but it would definitely be opposed to having a negative charge.” Josie is mostly correct in
that ammonia can more easily act as a base (resulting in it forming the positively charged
ammonium ion); however, under proper conditions it is possible for ammonia to act as an acid,
resulting in the negatively charged amide species (NH2–).
The formation of the amide ion from ammonia is not common. Moreover, the amide ion
is a very reactive (i.e., unstable) species, which is in line with Josie’s statement about nitrogen
being “opposed” to having a negative charge. In terms of her ability to evaluate the likelihood of
forming either ammonium or the amide ion from ammonia, she has correctly chosen ammonium
as the more likely product and, therefore, her identification of ammonia as a base is essentially
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correct. This type of reasoning certainly goes beyond a more surface-level assessment of the
features that can be directly seen in a molecule’s Lewis structure. Josie is making use of what she
knows about a molecule’s chemical behavior in order to consider the effect that charge has on
potential products’ stabilities, which then allows her to pick the process that is more likely to
occur and, in turn, indicates whether the molecule is an acid or base.
When it came to comparing the relative acidity or basicity of molecules, the ways that
organic chemistry participants made use of their knowledge of charge was not noticeably
different from how they used charge to identify a molecule as an acid or a base. This is not
surprising given how many of them incorporated a comparison aspect into the first activity when
they proposed the products of two different reactions (one acid, one base) and then evaluated the
potential products to determine which would be more likely to form. During the comparison
activity, instead of proposing two different reaction products for the same molecule, as they
sometimes did in the first activity, they would consider the products from two different starting
molecules undergoing the same type of reaction. In other words they would propose the product
of each molecule in the comparison behaving as an acid (or base) and consider which product
was more likely to form. The presence of charge factored into this process during the evaluation
of the potential products. For instance, Sebastian explained why acetylacetone is more acidic
than acetylene (Figure 6). He said:
Sebastian:

These two hydrogens [2° H] are acidic protons and so this [C5H8O2]
would be more acidic compared to this one [C2H2]

I:

What is it about this one [C5H8O2] that makes it the better acid?

Sebastian:

This one has also additional resonance so it can get stabilized much more
efficiently than this one [C2H2] can. The conjugate base of this compound
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here [C2H2] is going to bear a negative charge on the carbon which
obviously isn’t stable; and here [C5H8O2], if we lose that proton [2° H],
the pi bond from the carbonyl can stabilize this central carbon and so
oxygen bearing a negative charge is more stable than carbon bearing a
negative charge.
Sebastian has described how the conjugate base of acetylacetone is stabilized through resonance
involving the adjacent carbonyl groups. A double bond forms between the recently deprotonated
carbon and one of the adjacent carbonyl carbons, with the electrons from the carbonyl double
bond moving to the oxygen atom. The resulting resonance hybrid distributes the negative charge
over several atoms (Figure 11). The conjugate base of acetylene does not have resonance
stabilization, and Sebastian has determined that the stability difference that is the result of one
molecule being more able to handle the resulting negative charge than the other justifies his
choice of acetylacetone as the more acidic molecule.

Figure 11
Resonance Structures of the Conjugate Base of Acetylacetone

Comparing General and Organic Participants. Organic chemistry participants were
much more likely to discuss the presence of charge in molecules than general chemistry
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participants. Not only did more individual organic participants bring up the presence of charge,
but the total number of references to the presence of charge was approximately five times greater
for the organic participant group than the general chemistry group. While the two groups shared
similarities in terms of what they associated the charge with (negative for bases, positive for
acids), how they used this information was different. Most of the time general chemistry
participants simply associated charge with acidity or basicity, without going into further detail.
In other words their association could be summarized as “acids are positive” and “bases are
negative.” Some of them did reference how a molecule was likely to behave in a certain way
because of a charge, but those cases were less common and often lacked detail. In addition,
general chemistry participants were much less likely to consider the charge on potential reaction
products and use their evaluation of the product’s stability to then help them decide about the
relative acidity (or basicity) of the reactant.
Although some organic chemistry participants displayed surface level associations
between charge and acidity or basicity, as was observed with general chemistry participants,
organic chemistry participants were more likely to consider charge along with other concepts,
which often resulted in a more scientifically accurate and complex reasoning. Overall, it seems
that organic chemistry participants appeared to get much more use out of what they knew about
charge than general chemistry participants did, perhaps because their understandings of how
chemical reactivity and reactions occur has evolved as they progressed in their understanding of
chemical principles.
Presence of OH
Participants sometimes talked about the presence of OH when identifying molecules as
an acid or a base and when comparing relative acidity and basicity. Participants from both groups
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(general and organic) mainly associated the presence of OH with basicity and sometimes they
associated the absence of it with acidity. When participants took note of OH they referred to both
hydroxide ion (OH–) and the covalently bonded hydroxyl group (R–OH), sometimes
differentiating between these two groups and sometimes conflating them. In the sections that
follow, I will discuss how they used OH groups to either identify or compare acids and bases.
General Chemistry Participants. During the first interview activity in which
participants were tasked with identifying molecules as either an acid or a base, general chemistry
participants sometimes brought up the presence of OH and explained how it contributed to their
decisions. General chemistry participants’ association between the presence of OH in a molecule
and that molecule’s identity as a base was strong enough that it was not uncommon for them to
consider acetic acid (CH3COOH) a base. For instance, Zaeed explained why he thought acetic
acid was a base; it was because “it has a hydroxide in the formula so I was almost positive. You
know, we’ve dealt with this before too like in a problem so I think I remember it being a base.”
Many other general chemistry participants similarly used the presence of OH to explain why they
thought acetic acid was a base (it is an acid).
General chemistry participants’ association of the presence of OH with basicity was,
again, strong enough that many used the lack of OH in the molecule to identify the molecule as
an acid. Samara explained her reasoning behind why she decided borane (BH3) was an acid:
Samara:

I don’t think [borane] can be a base, so it can’t participate to be a base. I
guess cause there’s not OH anywhere in the in the name, so I was like
hmm it seems like it probably could be an acid.

General chemistry participants’ reasoning also made use of the presence of OH when
they compared the relative acidity or basicity of two molecules. As with the first interview
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activity in which they were tasked with identifying molecules as either an acid or a base, they
associated the presence of OH with a molecule’s ability to be basic. There were two main ways
that this understanding could be seen in their reasoning. The first way was to recognize the
presence of OH in one of the molecules being compared, often resulting in the general chemistry
participant deciding that the molecule with the OH was a base and was more basic than whatever
it was being compared with. This mostly happened with the comparisons of water versus phenol
(Figure 12) and acetylene versus acetylacetone (Figure 6). For example, Edi explained why she
thought phenol was a better base than water (it is not) and said:
Edi:

[Phenol] I just think would be more [basic] because you have the OH up
here by itself that can disassociate [sic] off into its own realm. It actually
has hydroxide it can give. This one technically does but since it can act as
both, I would think [water] less likely to be a base than [phenol].

Edi used the presence of OH as part of her reasoning for why she determined phenol was the
better base and then switched to pointing out that while water also contained an OH group, since
it can act as both an acid and a base, that it must be a worse base than phenol.

Figure 12
Water (H2O) vs. Phenol (C6H6O)
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The other main way that general chemistry participants’ reasoning involved the presence
of OH when comparing relative acidity or basicity was when they considered the moles of
hydroxide produced by each of the molecules in the comparison. Specifically I am referring to
the comparison of sodium hydroxide (NaOH) and barium hydroxide (Ba(OH)2). General
chemistry participants reasoned that more OH per molecule meant barium hydroxide was a better
base (legitimate reasoning when comparing two strong bases like sodium hydroxide and barium
hydroxide). For example, Cora explained why she thought barium hydroxide was the better base
and said:
Cora:

Well they’re both strong bases, so they’ll both completely dissociate in
water but I know barium- well [Ba(OH)2] dissociated produces two parts
of hydroxide ions as compared to the one part- one mole of sodium
hydroxide

Organic Chemistry Participants. There were a small number of organic participants
who referenced the presence of OH when they identified a molecule as an acid or a base.
Initially, it seemed that they associated the presence of OH with base, although they were
ultimately able to differentiate between a hydroxide group (often found in bases) and a hydroxyl
group (often found in acids). For example, Anora explained how she initially thought acetic acid
(Figure 13) was a base until she realized that the OH was part of the carboxylic acid functional
group, at which point she changed her mind:
Anora:

When I saw [acetic acid] immediately I saw OH. I just put it in the [base]
pile; but a C double bonded to an O to an OH [COOH] is a carboxylic
acid, so now I don’t know if that’s really a base. This functional group is
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an acid but again, I think I did it [initially put it in the base pile] because of
the OH.

Figure 13
Acetic Acid (CH3COOH)

A few of the organic participants explained that while they associated the presence of OH
with base, they were also aware that an absence of OH does not mean the molecule cannot be a
base. Anora initially decided that borane (BH3) was an acid until she remembered that sodium
borohydride (NaBH4) existed which she saw as proof that borane would act as a base and accept
a proton (it does not; it is a Lewis acid). As she became more comfortable with her new decision,
that borane was a base, she explained why she had initially shied away from making that
determination. She said:
Anora:

Traditionally, the way that I’ve always thought about bases is that they’re
hydroxides, and it is cause in gen-chem they really kind of grind it into
your face that H is acid and OH is hydroxide is basic so. So yeah then you
get these ones [BH3] where you think immediately this should be acidic
but it’s actually not.

Anora explained how in general chemistry she learned to associate OH with base to the point of
almost automatically passing over the idea that something without an OH group could be a base.
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Organic chemistry participants brought up the presence of OH during the comparison
activity more than they did during the identification activity. Most of their references to the
presence of OH were to explain how barium hydroxide is more basic than sodium hydroxide
because it has two OH in each molecule whereas sodium hydroxide only has one. When
Vivienne chose barium hydroxide as the better base she explained that it was due to “a part of me
that’s thinking [Ba(OH)2], just because there’s another hydroxy and that’s what I’m thinking.”
Comparing General and Organic Participants. Participants from both groups (general
and organic chemistry) associated the presence of OH with base, although general chemistry
participants were much more likely to reference the presence of OH in their explanations than
organic chemistry participants. For the identification of molecules as either an acid or a base,
over half of the general chemistry participants mentioned the presence of OH at least once
compared to less than one fourth of organic chemistry participants. Specifically over three times
as many general chemistry participants referenced the presence of OH during the first activity
compared to the organic participants. General chemistry participants also expressed that a lack of
OH indicated something was not basic. Organic chemistry participants, on the other hand, rarely
brought up the absence of OH. I believe this indicates that organic participants do not rely on
whether or not OH is in a molecule to make decisions about acidity and basicity to the degree
that general chemistry participants do.
In the comparison activity, the number of individuals who mentioned the presence of OH
at least once was the same for both participant groups. Almost every single time the organic
chemistry participants brought up the presence of OH during the comparison activity was to
point out how barium hydroxide was more basic because it had two OH groups. General
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chemistry participants also discussed the presence of OH in that manner; but, unlike organic
participants, they discussed it for other comparisons as well.
When considering these results, it is important to note that general chemistry students’
reaction to the presence of OH and how they used it is directly affected by their knowledge of
chemistry. In particular, the major way they encounter OH in their course is as the polyatomic
ion hydroxide. It is not until organic chemistry that students learn about the covalently bonded
hydroxyl group. Therefore, the fact that general chemistry students seem to think of OH as
hydroxide is not surprising.
Presence of Metal
Sometimes participants noticed the presence of a metal and discussed how that informed
their choices about acidity and basicity. When participants discussed the presence of metal in a
molecule, they associated it with basicity a good amount of the time (particularly the presence of
sodium and lithium). However, some of the participants associated the presence of metal in a
molecule with acidity, while others seemed unsure how the metal affected the chemistry of the
molecule. Unlike most of the other atomic elements in the molecules, metals were not discussed
when they were absent. In other words, participants did not comment on how the lack of metal in
a molecule indicated that molecule was an acid or a base.
General Chemistry Participants. General chemistry participants typically made the
simple association between the presence of metal in a molecule and basicity. For instance, Jeff
explained why he thought sodium bicarbonate (NaHCO3) was a base and said, “any time I see a
sodium, to me it’s basic.”
When they noticed the presence of metal in a molecule, general chemistry participants
sometimes identified it as a “spectator ion” and then proceeded to ignore the presence of the
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metal they identified as a spectator ion. For instance, Adrien explained why he thought sodium
bicarbonate (NaHCO3) was an acid. He said:
Adrien:

I’m pretty sure this was an acid. I’m pretty sure the Na was a spectator ion
and then this [covers Na with finger leaving HCO3 visible in condensed
formula] would be an acid

I:

So by spectator ion-

Adrien:

Well I think spectator ion, I think it doesn’t matter so I just take it off the
thing [covers Na in condensed formula again]

Adrien explained that sodium is a spectator ion that “doesn’t matter” and in demonstrating why
he thought sodium bicarbonate was an acid, he showed me how he simply removed the sodium
from his consideration of the molecule by covering it with his finger. From his analysis, what
remained was HCO3, which he identified as an acid. In actuality, sodium bicarbonate can act as
both an acid and a base; however, it is only acidic at higher pH levels (i.e., in a basic
environment) and is more commonly seen acting as a base. Additionally, Adrien seemed to have
forgotten that, when a sodium ion (Na+) is removed from the compound, what remains is the
bicarbonate ion (HCO3–), not a neutral HCO3.
It is entirely possible that participants would have still considered sodium bicarbonate to
be an acid after seeing the bicarbonate ion represented correctly, with a negative charge.
However, given how many participants associated negative charge with basicity, I believe that
viewing what remained after ignoring the spectator ion as HCO3, an incorrect and neutral
molecule, instead of HCO3–, the correct and negatively charged species, had an effect on
participants’ ability to correctly identify sodium bicarbonate. This can be seen in Miranda’s
identification of sodium bicarbonate. She was the only general chemistry participant who
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identified the sodium in sodium bicarbonate as a spectator ion and then also identified sodium
bicarbonate as a base, although initially she thought it was an acid:
Miranda:

Sodium is a spectator ion [covers Na] and so- oh wait… I thought about
this wrong, hold on. When I originally saw [NaHCO3] I was like I’d be
left with HCO3 and H can donate but I didn’t take into account that when I
get rid of the sodium it would be HCO3 minus so then I think that would
be a base then. Now I’m second guessing myself.

At this point she took a moment to think to herself for a bit in order to verify that she was
comfortable with her new realization. She decided to change her identification of sodium
bicarbonate to base and explained what happened:
Miranda:

So I took off the spectator ion and I didn’t take into account like the
spectator ion had a positive one [+1] charge and so when I looked at it and
separated it I saw it as HCO3 instead of HCO3–. So HCO3, I was like oh it
can donate the hydrogen if it wants to and it would have a minus one [-1]
charge and so I put it here [in acid] but it already has a minus one [-1]
charge cause I got rid of the spectator ion.

When Miranda considered the “relevant” part of sodium bicarbonate—since spectator ions are
viewed as unimportant and can be ignored—to be HCO3 (note the lack of negative charge), she
thought it was an acid. When she realized it was, in fact, HCO3– (note the negative charge on the
bicarbonate), she changed her answer to base. The only difference in these two representations is
the negative charge which, I believe, at least makes it possible that viewing sodium as a spectator
ion and handling it as the general chemistry participants did, prevented them from viewing
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information about the molecule that might have been relevant to their determination of whether
sodium bicarbonate was an acid or a base.
Organic Chemistry Participants. When identifying a molecule as an acid or base (first
interview activity), sometimes organic chemistry participants discussed the presence of metal in
a molecule, often associating the presence of metal with basicity. At times this was a more
surface-level association of “metal present in molecule = base”; however, some of the organic
chemistry participants recognized additional things about the presence of a metal that indicated a
molecule was basic. For instance, when identifying sodium hydroxide (NaOH) as a base, Varric
discussed how the presence of certain metals indicated to him that a molecule is basic. He said
“Also, anything with a counter ion like sodium, lithium, all that usually indicates a base to me
because it’s cancelling out a negative charge.” Varric’s explanation demonstrated that he has
done more than simply see that a metal is present and decide that the molecule is a base. He
understood that the metals are positively charged and are balancing out a negatively charged
component of the molecule, which led him to his determination that molecules such as sodium
hydroxide are bases.
A few of the organic chemistry participants associated the presence of metal in a
molecule with its identity as an acid. For instance, Sebastian decided aluminum chloride (AlCl3)
was an acid and explained that he viewed aluminum as an “electron deficient center, so it can
accept those electrons.”
Only a few organic chemistry participants brought up the presence of spectator ions
during the interview. How organic chemistry participants made use of the presence of spectator
ions in a molecule did not differ much from how they approached the presence of metals in
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general. Sometimes their associations were more surface-level but they also tended to consider
the implications of the presence of the metal, just like Varric did.
Comparing General and Organic Participants. In terms of participants’ reasoning
when comparing the relative acidity and basicity of two molecules, there were very few
references made to the presence of metals in either group. There were, however, noticeable
differences between how general and organic participants made use of the presence of metal
when identifying a molecule as an acid or base. General chemistry participants were more prone
to the surface-level association of “if a metal is present then the molecule is a base” and to
indicating that metals were spectator ions and could be ignored. Unfortunately, in the process of
“ignoring” the spectator ion, they often forgot to account for the charge on the spectator ion,
which may have resulted in their making incorrect determinations about the metal’s counter ion.
While organic chemistry participants also mostly associated the presence of metal with a
molecule’s identity as a base, they were more likely to explain additional and implicit
information about the molecule that the presence of metal revealed before moving to decide on
the basicity. The additional information often allowed the organic chemistry participants to make
correct determinations of the identity of molecules as acids or bases. Finally, some organic
chemistry participants associated the presence of metals with a molecule’s ability to be an acid,
although this was not as common.
Presence of Nitrogen
Sometimes participants brought up the presence of nitrogen when considering acidity and
basicity. For the most part, participants from both groups associated the presence of nitrogen in a
molecule with basicity. Unlike some of the other compositional elements that participants
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noticed (e.g., hydrogen, OH, lone pair electrons), participants did not associate the absence of
nitrogen with a molecule’s identity as an acid.
General Chemistry Participants. There were not very many general chemistry
participants who referred to the presence of nitrogen when making decisions about whether a
molecule was an acid or a base. The few general chemistry participants who did simply
associated the presence of nitrogen with a molecule’s basicity, without justifying their
association with additional underlying chemical concepts. For example, James explained why he
decided that ammonia (NH3) was a base and said “Well the way I remembered it is that anything
with a nitrogen in it is gonna be a weak base.” He was consistent in his application of this
understanding and identified lithium diisopropylamide (LiN(C3H7)2), pyridine (C5H5N), pyrrole
(C5H4N), and ammonium (an acid, NH4+) as bases because they all contained nitrogen.
During the second activity in which participants compared relative acidity or basicity of
two molecules, general chemistry participants still focused on the more surface level aspects of
the presence of nitrogen. That is to say, for the most part they only seemed to care about whether
or not the atom was present when determining that the molecule was a base and did not go
beyond that. Most of the references to the presence of nitrogen occurred when participants
discussed why they thought pyridine and pyrrole were bases; but a few participants determined
that hydrazoic acid (N3H) was more basic than ammonia (NH3) because it had more nitrogen
and, as far as they were concerned, more nitrogen means a molecule is more basic. Ashley
explained her thought process and said:
Ashley:

I know that this [NH3] is a weak base, but seeing the three [N in N3H] on
here now, I dunno I think that this [N3H] would be the more basic one.

115

Ashley’s choice of hydrazoic acid as more basic seemed fairly straightforward: more nitrogen
means the molecule is more basic. I attempted to find out more about what she knew in terms of
the basicity of these molecules and perhaps discover more about her understandings of basicity
in general or of how nitrogen contributes to a molecule’s basicity:
I:

What makes this [NH3] a base? So you know it acts as a base.

Ashley:

mhm

I:

How does it act as a base? What makes it a base?

Ashely:

I don’t know, it’s just able to accept a hydrogen which makes it the
conjugate acid of the base. I don’t know that’s just what I learned so I
don’t know. I just go with it.

I:

Do you think this [N3H] is potentially able to accept hydrogens better?

Ashley:

I think this [N3H] is able to give a hydrogen so, a hydrogen or a proton
donor versus this [NH3] which accept a hydrogen.

I:

Okay, so then you view this [N3H] as an acid? and that’s okay I just want
to be sure I understand.

Ashley:

No because it [N3H] can give away its hydrogen it’s more of a base.

The quotation above demonstrates that, when I challenged her answer, she began to contradict
herself, perhaps demonstrating that she was relying on surface-level understandings or
memorized facts instead of on a deeper understandings of the chemical behaviors of acids and
bases.
Only one general chemistry participant, Mordin, explicitly recognized the role that
nitrogen could play in the basic behavior of a molecule (although pyrrole is, in fact, an acid).
When Mordin considered pyridine vs. pyrrole (Figure 9), he started by examining the Lewis
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structures and looked to see how the molecules compared to one another. He then realized that
nitrogen is a “donator,” referring to its lone pair electrons which can be donated in a Lewis base
capacity. He said:
Mordin:

Let’s see there’s double here, double there, single, single, and these are
singles here [looking at the bonds]. There’s that donator though, there’s
donators [points to N atoms in both structures]. Gonna go with the Lewis
definition of it which would be a Lewis acid is a lone pair acceptor,
electron pair accept- lone pair acceptor and then Lewis base would be a
lone pair donator. Actually I’m gonna go with base.

As it turns out pyrrole is not basic; however, the reason for pyrrole’s lack of basicity is not a
concept that general chemistry participants have learned yet. Earlier I referenced how the lone
pair of electrons on the nitrogen in pyrrole are involved in maintaining aromaticity and are
therefore not available to act in a basic capacity. Concepts such as aromaticity, electron
availability as well as others are not taught until organic chemistry so it was unlikely that any
general chemistry student would be able to know why pyrrole is not a base. The fact that Mordin
saw the nitrogen and appeared to understand how it could contribute to a molecule behaving as a
Lewis base (an electron pair donor) is what makes his response noteworthy, as this was not a
common connection made by general chemistry participants.
Organic Chemistry Participants. Organic chemistry participants made use of the
presence of nitrogen when identifying a molecule as either an acid or a base and often associated
the presence of nitrogen with a molecule being a base. When Alistair identified ammonium
(NH4+) as a base (it is an acid), he said it was because of the nitrogen and the fact that “usually
the nitrogens are basic.”
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Not all of the ways that participants’ reasoning made use of the presence of nitrogen
when identifying a molecule as an acid or a base were as surface-level as the broad application of
“nitrogen = base” that some organic participants seemed to adopt. Flemeth discussed why she
thought ammonium (NH4+) was an acid:
Flemeth:

Well, it’s got a positive charge on it, [and] usually compounds wanna be
neutral and I know that nitrogen doesn’t like to have the four bonds so it
wants to get rid of one which it would do by getting rid of the proton.

Flemeth has moved beyond simply noticing that nitrogen was present and has made reference to
the fact that nitrogen “doesn’t like” to have four bonds and will donate a hydrogen. She was not
the only organic participant to reference the bonding configuration of nitrogen when sharing her
reasoning. Garrett also referenced the number of bonds on nitrogen when describing why lithium
diisopropylamide (Figure 7) was a base. He explained the process he used to arrive at his answer:
Garrett:

Then I turn [the notecard] around and I see [displays Lewis structure] and
this [N–] and I see this [Li+] and I’m like okay [LiN(C3H7)2] is a base
meaning, you know, for one, this is nitrogen and I know he doesn’t really
like to be like that [referencing the two bonds and two lone pairs of
electrons on N]. Nitrogen likes to have three connections with two
electrons.

Like Flemeth, Garrett identified that there is some sort of ideal state for nitrogen with regard to
how many bonds and lone pairs it has. Chemistry students learn that there are preferred states for
atoms to be in when they are part of a molecule in terms of their bonding and electron
configuration. In general, it is better when the atom has a full octet of electrons and lacks a
formal charge. The nitrogen atoms in both molecules being considered by Flemeth and Garrett
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have a formal charge. If the molecules behaved as the two participants predicted (donating and
accepting hydrogen, respectively) that charge would be eliminated, resulting in molecules
containing a nitrogen atom with a full octet of electrons and no formal charge. Specifically, this
is the state in which nitrogen has three bonds and one lone pair of electrons. Both participants
made use of what they knew about the preferred state of nitrogen in a molecule to inform their
decision about whether the molecule was an acid or a base. Their approach goes beyond the
surface-level association of the mere presence of nitrogen being enough to indicate that a
molecule is basic.
Comparing General and Organic Participants. General chemistry participants were
much less likely to refer to the presence of nitrogen when making decisions about acidity and
basicity than organic chemistry participants were. When general chemistry participants discussed
the presence of nitrogen, seeing that a nitrogen was present in the molecule was enough for them
to decide that molecule could be basic. Some organic chemistry participants also had surfacelevel associations between the presence of nitrogen in a molecule and its basicity, although going
so far as to decide that any molecule with nitrogen in it is a base was not very common for that
participant group. Organic participants not only referenced the presence of nitrogen more often
than general chemistry participants, but were more likely to refer to reasons supporting their
decisions.
Structure
Many participants discussed the structure of molecules and factors relating to the
structure of molecules—such as Lewis structures, atom octets, bonding configuration, electronic
configuration, and orbitals—when making decisions about acids and bases. Lewis structures are
representations of molecular structure that have encoded information in them. Bonding
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configuration deals with how an atom is bonded to other atoms (e.g., is the hydrogen attached to
an oxygen or a carbon?) and what those bonds are (e.g., are they single bonds?) and is related to
the overall structure of a molecule. Information about the octets of atoms or their need to fill, or
not fill, an octet as well as electron configuration are also related to structure in that they are
related to how atoms can or cannot form bonds to other species. Orbitals also contribute to
structure as what types of orbitals are on atoms and their hybridization directly contributes to
how atoms are arranged in space relative to each other. Various participants discussed each of
these structure-related concepts, although not all were discussed by both participant groups, a
fact that will be detailed in the following section. Given the number of concepts involved in
discussing this trend, each participant group section will be broken up into sub topics.
General Chemistry Participants. Almost all general chemistry participants made use of
information relating to the structure of molecules at least once when making decisions about
acidity or basicity over the course of the interview activities. They mostly discussed bonding
configuration, whether or not atoms in molecules had their octets filled, and general structure
considerations.
Bonding Configuration. There were two ways that general chemistry participants
discussed the bonding configuration of molecules: they brought up the specific bonding
arrangement of atoms and the types of bonds involved in the molecule. When identifying
molecules as either an acid or base, participants sometimes discussed the specific atom
connectivity. Most of the time they did this was to comment on how the atom connected to
hydrogen provided them information about whether the molecule was an acid or base. For
example, Ashley discussed that initially she thought sodium bicarbonate (Figure 5) was acidic,
given the position of the hydrogen in the condensed formula. Upon examining the Lewis
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structure she noticed that “Now I think looking at it there is an OH group, like it’s possible for it
to be OH.” She went on to explain that “if this H was connected to this C instead then I would
just stick with it over here [in acid].” It should be noted that it is likely Ashley views the OH in
sodium carbonate as a hydroxide (OH–) and not a hydroxyl (R–OH). She has determined that
because the hydrogen is bonded to oxygen, the molecule is basic because, as she views the
molecule, it can produce hydroxide ions (it cannot).
In a related example, Aria explained why she thought sodium bicarbonate was an acid:
Aria:

I looked at the presence of the hydrogen and then looked at the Lewis
structure here and like I don’t know if that’s correct, but based on if I
remember correctly like if its [the H] bonded to a O then it donates that
hydrogen.

Here, we have the same molecule: sodium bicarbonate. Both students focused on the atom that
hydrogen is bonded to: oxygen. Yet, they came to two different conclusions. Aria remembered a
general rule about how hydrogens bonded to an oxygen are acidic and even though sodium
bicarbonate only behaves as an acid under basic conditions, Aria’s reason for deciding it is acidic
was very close to relevant information. What I mean by that is that the general rule she
remembered is only a step away from a discussion about why hydrogens bonded to oxygen are
acidic. In this case, oxygen’s ability to accommodate a negative charge (as well as stability due
to resonance) is relevant to a decision about sodium bicarbonate’s acidity; however, because this
is information that is typically presented in an organic chemistry course, general chemistry
students like Aria would not be expected to have or use this information to inform her decisions
about whether sodium bicarbonate is an acid or a base.
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Aria’s reasoning still does not go beyond the surface-level features (e.g., which atom is
bonded to which) to discuss the underlying chemical principles (e.g., oxygen’s ability to
accommodate the resulting negative charge), but in some ways her assessment is more correct
than Ashley’s. Ashley considered the bond connectivity and likely viewed sodium bicarbonate as
an Arrhenius base, given that she considers the OH in sodium bicarbonate to be the same as the
hydroxide ion. Molecules that contain hydroxide and furnish hydroxide in water are Arrhenius
bases; and while sodium bicarbonate does act as a base, it does not furnish hydroxide ions in
solution as the OH contained within its structure is the covalently bonded hydroxyl group and
not an ionically bonded hydroxide. Both participants would benefit from additional
understanding with regard to the specific nature of bonding in this molecule.
General chemistry participants also discussed bonding configuration, both specific atom
connectivity and type of bonds, during the comparison activity. When Nyreen compared the
relative acidity of pyridine to that of pyrrole (Figure 9) she decided that pyrrole was more acidic
because:
Nyreen:

I see a lot of double bonds here [points to pyridine’s Lewis structure] so
I’m like, you need to break double bonds. It’s a lot of stuff to do that, so
this one [pyrrole] seems more easy to like dissociate I guess.

Nyreen is likely relying on the fact that double bonds are stronger than single bonds and they
require more energy to break; therefore, she views the molecule with more double bonds as
being less likely to dissociate. Pyrrole is, in fact, more acidic than pyridine, given that pyridine is
a base; but pyridine’s lack of acidity has more to do with the fact that the conjugate base of
pyrrole is more stable than the conjugate base of pyridine than on how difficult it is to break
double bonds.
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Octet Rule. Sometimes general chemistry participants considered how an atom’s octet
would affect the molecule’s behavior and used that information when identifying molecules. For
instance, Cora explained why she decided borane was an acid:
Cora:

When I looked at the Lewis structure, I saw that they had three bonds
[points to H bonded to B] and then that means it [B] had 6 bonding
electrons and I know that to fulfill the octet it [B] can have another bond
so I kind of thought of this as almost like a Lewis acid where it can accept
another pair of electrons to form a bond with hydrogen.

Cora has made good use of the general idea that atoms “want” to have a complete octet of
electrons. Most of the general chemistry participants’ discussions of octets during the first
activity centered around either the boron in borane (BH3) or the aluminum in aluminum chloride
(AlCl3). The majority of participants who discussed octets in relationship to these molecules
recognized that neither atom possesses a full octet of electrons and can accommodate an
additional bond by accepting electrons as a Lewis acid. Unfortunately, out of a possible 48 times
this could have been mentioned (24 participants seeing both borane and aluminum chloride), it
was brought up eight times in total with a few of those discussions ending in the wrong
conclusion. The data suggest that, while general chemistry participants are capable of using
general rules such as the octet rule to make decisions about a molecule’s ability to act as a Lewis
acid, they likely need help doing so more regularly.
General chemistry participants also considered the octets of atoms when making
decisions about the relative acidity of two molecules, although none of their attempts to consider
an atom’s octet resulted in participants being able to make a decision about relative acidity or
basicity. In general, participants seemed to be looking at the atoms in the molecules being
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compared and attempting to figure out which ones, if any, had bonding or electron configurations
that might indicate how one molecule would be better at behaving a certain way than the other. I
view this as noteworthy because it strikes me as an attempt to search for information that is not
readily visible. In other words, these participants understood that the visual cues in molecular
representations can lead to information that is more directly relevant to the task at hand, given
that knowing how two molecules might behave (i.e., react) could provide information about
which of the two is more acidic or basic. For instance, Jack discussed how she ended up guessing
that ammonia was more basic than hydrazoic acid (Figure 8) because ammonia was the molecule
she was familiar with and she knew it was a base. She explained that she was trying to consider
other things about the molecules that might provide information about their reactivities. She said:
Jack:

I know like in my head it [how basic or reactive something is] has
something to do with like lone pairs and if it [an atom] has a complete
octet or not, and you can see the behavior of it when it reacts with other
things but because I’m a little fuzzy on that.

In this quotation the “it” she refers to is a general “it” and does not correspond to an atom or
molecule in particular. She was aware that there are these principles governing the ability of
molecules to behave in certain ways (in this case as acids or bases), and while she thought she
was aware of the types of concepts that would give her access to that information, she was not
familiar enough with those concepts to obtain it.
General Structure. General chemistry participants also took molecular structure and
related concepts into account during the second interview activity in which they were tasked with
comparing the relative acidity or basicity of molecules. Sometimes, they made use of general
impressions about the structure of a molecule, such as how complex it is, or how large it is, to
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make their decision. Usually, general chemistry participants brought up the overall structure as
part of their comparisons when considering either pyridine vs. pyrrole or acetylene vs.
acetylacetone, both of which involve comparing two molecules that the participants are less
familiar with. For instance, Vetra explained that she thought acetylene was more basic than
acetylacetone (Figure 6) because “it seems simpler, like there’s less going on; it looks less busy.
Most of the time I’ve been noticing the bases have a lesser complicated way of looking.” In
actuality, both acetylene and acetylacetone are considered acidic, with acetylacetone possessing
the more acidic hydrogens. Correctness of her response aside, I believe this was an example of
Vetra attempting to determine some sort of relevant information that would help her make a
decision for a comparison that involved molecules she was probably less familiar with. There are
certain situations where the size and overall complexity of a structure are relevant and the
general task of attempting to pull meaningful information from a related topic is not a bad
approach to take; however, focusing on this aspect was not fruitful for the participant. In Vetra’s
case she focused on the perceived simplicity of bases and chose acetylene based on that. While
the bases that Vetra has encountered may in fact be what she considers “simple” in terms of their
overall structure, that is not necessarily representative of bases a whole. Her limited experience
with bases caused her to assign meaning to a concept (size) that is not typically related to acidity
or basicity.
Organic Chemistry Participants. Almost every organic chemistry participant brought
up molecular structure and related concepts at least once when making decisions about acidity
and basicity over the course of both interview activities. Specifically they brought up Lewis
structure, bonding configuration, whether or not atoms had filled octets, and orbitals.
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Lewis Structure. Sometimes participants mentioned how looking at the Lewis structure
helped them realize things about the molecule under consideration that influenced their
decisions. For instance, Fenris initially identified acetic acid as a base (it is an acid); but when he
looked at the Lewis structure (Figure 13), he saw the opportunity for resonance and changed his
mind. He explained “Well now I’m looking at it [the Lewis structure] I feel like there’s
resonance there so maybe this was actually acid.” I asked him how he knew resonance was
possible, and he was able to describe the resonance stabilization involving the two oxygen atoms
in the carboxyl functional group correctly.
Lewis structures allowed organic chemistry participants to see functional groups—such
as the COOH in a carboxylic acid—recognize a molecule outright, make use of relevant charge
information, and consider the possibility of resonance. Not all of the information revealed by the
Lewis structure was used properly to arrive at a correct decision, but most of it was.
Bonding Configuration. Organic chemistry participants sometimes brought up the type
of bonds in a molecule when discussing acidity and basicity. Most often it was the triple bond in
acetylene that participants viewed as relevant to its acidity; and while most of them associated
the triple bond with acetylene’s ability to act as an acid, none of them were able to explain how
the increased s character of the carbon atom made the conjugate base of acetylene more stable
relative to carbanions with less s character. In fact, most of the participants only seemed to
remember the association of a triple bond being more acidic. Even the participants who began to
focus on how acetylene was acidic by discussing the hybridization of the carbon atom were
unable to explain how that had an effect on acetylene’s acidity. For example, Merrill explained
that she thought of acetylene (Figure 1) as acidic because “this right here, the triple bond, this is
something that you consider more acidic, you know? Like, an sp carbon.” I attempted to gain
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additional information on why an sp hybridized carbon was more acidic or what it was exactly
about the bond that increased the acidity, but Merrill was unable to recall why triple bonds were
considered acidic. Thus, her conclusions were based on surface-level features present in the
Lewis structure and not on underlying chemical principles.
Organic chemistry participants’ references to bonding configuration during the
comparison activity were similar to the ones made in the identification activity with regard to
both what they discussed and which molecule they were discussing when referencing bonding
configuration. They mostly discussed the type of bond for the comparison of acetylene and
acetylacetone. In general, participants recognized the resonance stabilizing effect on the
conjugate base for acetylacetone’s conjugate (Figure 11) was greater than that of the triple bond
or sp hybridization of carbon (they mentioned both) of acetylene’s conjugate base.
As in the first activity, participants struggled to explain how the s character of the sp
carbon in acetylene affected the stability of the conjugate base. In fact, there was only one
organic chemistry participant who discussed the triple bond in acetylene and addressed exactly
how acetylene’s conjugate is stabilized by the increased s character. Not only did Solas explain
why he decided acetylacetone was more acidic than acetylene (Figure 6), he also addressed why
acetylene was less acidic:
Solas:

Okay so here’s the acetylene and then here’s like some kind of diketone
looking thing and so these alpha [2°] protons are going to be acidic and
not- well I guess these [1°] alpha protons are acidic too but these [2°]
alpha protons are doubly stabilized by resonance so any base that comes
along will abstract these ones first. And then basically the acetylene has
one acidic proton. Because [of] its sp hybridization it has more s character
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and so what I have to figure out is what the thing is. So if you look at it, I
know if we deprotonate these [2°H in diketone] this enolate ion can
resonate up into this oxygen and come back down up into this oxygen and
come back down so it has two resonance structures. This one right here
[C2H2] if I deprotonate it would have this kind of ion [carbanion] and this
one really can’t resonate cause if you try to push pi electrons then it well I
mean I guess you can move a negative charge onto this carbon but I
probably wouldn’t wanna put that on the acetylene so I would say that this
diketone is a stronger acid because well this [conjugate base of diketone]
negative charge is destabilized [sic] through resonance whereas this
negative charge [on conjugate base of C2H2] is really only acidic because
it’s an sp carbon and it has more s character which allows it to hold the
electron density there but it’s not really delocalized as much as the
diketone can.
Solas does seem to make a mistake in terminology where he refers to the negative charge being
“destabilized” through resonance. Based on his later comments, which were correct, I assume he
has combined the words “stabilized” and “delocalized” into the term “destabilized.” Solas’s
explanation about how the hybridization of carbon contributes to acidity was much more detailed
than those of other organic chemistry participants.
Octet Rule. Organic participants frequently brought up the concepts of octets and how
atoms are considered to have ideal electron and bonding arrangements, using this information to
illustrate how a molecule would behave a certain way. For instance, Zevran explained what made
him decide that ammonium (NH4+) was an acid:
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Zevran:

Well I know that nitrogen has, it will only handle three bonds and a lone
pair. So the fact that it has four bonds means that it’s ready- it’s willing to
give up one of the hydrogens and so I was like okay this is probably an
acid.

He was referencing the specific electron and bonding configuration for nitrogen that results in its
having a full octet of electrons as well as no formal charge. He viewed this information as being
the driving force for ammonium behaving as an acid. Zevran has used information about
nitrogen in general to illustrate how the bonding configuration of ammonium (NH4+) is not ideal,
as well as why the conjugate base structure (NH3) is favored. His explanation went somewhat
beyond what is readily visible and referenced related concepts, relating them to the aspects of the
molecule that can be seen.
Orbitals. Sometimes organic participants discussed what they knew about the orbitals on
atoms, in particular, whether the orbitals were filled or empty. Usually, participants brought up
orbitals to point out how the empty p orbital of an atom, typically boron or aluminum, would be
able to accept a pair of electrons, which they correctly associated with acidic behavior. Duncan
explained how he remembered aluminum chloride (AlCl3) was an acid:
Duncan:

It’s the empty p orbital.

I:

Okay so there’s an empty p orbital here that can-

Duncan:

I think accept because again if you do an acid–base reaction it would be
the same thing as a B [boron] you would have Al connected to the 3 Cls
and then connected to whatever it is the base that you are working with
and it [Al with 4 things bonded to it] would be a minus and it’s completely
stable.
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While Duncan did not explicitly state that the orbital would be accepting electrons, he was aware
that the resulting product would have a negative charge, which is correct and is also the result of
aluminum not being the atom that supplied the electrons for the additional bond.
Comparing General and Organic Participants. In terms of total number of references,
organic chemistry participants discussed the structure of molecules and related concepts more
than general chemistry participants, although less than twice as much. The difference in total
references was not as great as it was for other trends. Organic chemistry participants were much
more likely to bring up the concept of octets during the first activity than general chemistry
participants were. What is interesting when comparing these two groups for this particular
chemistry concept is that of the general chemistry participants who discussed octets, most of
them did so when discussing boron in borane (BH3) or aluminum in aluminum chloride (AlCl3),
and they tended to do so correctly. In other words, they identified that neither boron nor
aluminum has an octet and could therefore accept electrons, making borane and aluminum
chloride Lewis acids. Organic chemistry participants’ responses when discussing the concept of
octets were more varied in terms of when they brought it up as well as their ability to discuss it.
They made more errors, and overall displayed a greater range of understandings in their
explanations.
Organic chemistry participants were also more likely to mention the hybridization of
atoms as it related to bond type, although, as I discussed, they were not particularly successful at
explaining how the triple bond, via the hybridization of carbon, had an effect on the acidity of
acetylene. Often, their focus remained on acetylene itself as opposed to considering the resulting
conjugate base, which is the species that is directly benefiting from the stabilizing effect of
increased s character. Given that for other molecule comparisons, organic participants did
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attempt to reason about relative acidity based on the perceived stability of conjugate bases, I
believe that their shift away from reasoning about the stability of the conjugate base in this case
suggests that they do not understand how the increased s character of the sp hybridized carbon in
acetylene contributes to conjugate base stability. This view is also supported by the fact that
while organic participants referenced the triple bond of acetylene when identifying it as an acid,
none of them was able to explain how the triple bond contributed to it being acidic.
What Will This Molecule Do? Behavior
When general and organic participants identified a molecule as an acid or a base and
when they compared the relative acidity or basicity of two molecules, they often took into
consideration how molecules behaved. I observed trends in participants’ reasoning that
demonstrated they associated certain types of behaviors with a molecule’s identity as an acid or a
base. In other words, sometimes at least part of their reasoning took the general format of “this
molecule is an acid or a base because it behaves like an acid or a base.” They also took into
consideration how they thought molecules behaved when they were comparing relative acidity
and basicity, often by considering how certain behaviors were more likely to occur or evaluating
which behaviors could occur and factoring that into their reasoning.
I also observed more specific trends with regard to both the type of behavior (what
exactly was happening) and chemical species (what exactly was involved in the behavior)
referenced by the participants. There were two broad categories of behavior that participants
considered when identifying a molecule as an acid or a base and when comparing the relative
acidity or basicity of two molecules: the ability of a molecule to accept a chemical species and
the ability of a molecule to donate a chemical species. The chemical species to which they
referred most often were some form of hydrogen and electrons. By “some form of” I mean that
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the words “hydrogen” and “electron” refer to hydrogen and electron species in general such as
hydrogen atoms, protons, hydrides for the former and lone pair electrons, bonding electrons, a
single electron for the latter. In this section of my results I will discuss the specific molecular
behaviors that factored into general and organic chemistry participants’ reasoning when they
identified a molecule as an acid or a base and when they compared the relative acidity or basicity
of two molecules.
Accept Hydrogen
When identifying a molecule as either an acid or base and when comparing the relative
acidity or basicity of two molecules, participants often considered the ability of a molecule to
accept hydrogen. In general, participants associated this behavior with basicity. This is in line
with the Brønsted-Lowry model of acidity, which defines bases as molecules that can accept a
proton. As I mentioned previously, the way that “hydrogen” is used in this trend should be taken
to reflect hydrogen species in general, as participants mainly used “hydrogen,” “H,” and
“proton” to refer to the hydrogen ion being accepted.
General Chemistry Participants. When general chemistry participants identified a
molecule as an acid or base, they sometimes considered the ability of a molecule to accept
hydrogen. For example, Aria explained why she thought lithium diisopropylamide (Figure 7)
was a base by pointing out how the lone pair of electrons on nitrogen would allow it to accept a
hydrogen ion. She said: “I was looking at these electron pairs over here [points to electrons on N]
so I saw that as an opportunity for [LiN(C3H7)2] to accept a hydrogen.”
Most of the time when general chemistry participants discussed a molecule’s ability to
accept hydrogen, they did so as part of their explanation for why they thought that particular
molecule was a base. Sometimes, however, the ability of a molecule to accept hydrogen came up
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during explanations of why they identified a molecule as an acid. For instance, Cora determined
that acetylene (Figure 1) was an acid because it could not be a base:
Cora:

I knew it couldn’t be a base. […] I saw that this carbon has all the electron
domains that it can [and] so does this carbon. Hydrogen can only have that
one electron domain, so then I felt like it [C2H2] wouldn’t be able to
accept another hydrogen.

While Aria and Cora arrived at different conclusions about the identity of the molecule under
consideration, they both associated the ability of a molecule to accept a hydrogen ion with
basicity.
Correctly associating the ability of a molecule to accept a hydrogen ion with basicity is
by no means a guarantee of success at identifying whether or not the molecule is an acid or a
base. For instance, Kaidan brought up the ability of a molecule to accept hydrogen when he
explained why he thought aluminum chloride (AlCl3) was a base (it is an acid). He said “The
aluminum is a spectator ion and I know chlorine has a negative charge on it, so I’m just thinking
that would be the proton acceptor, I think.” Kaidan has correctly associated a molecule’s ability
to accept hydrogen with its identity as a base. However, he was incorrect is in his determination
that aluminum chloride will act as a base. He appears to have decided that aluminum chloride is
an ionic compound as opposed to a covalent molecule. This is likely due to associating metals
with ionic compounds as well as a familiarity with the ionic form of chlorine, chloride (Cl–),
given that he identified both atomic components as ionic despite having access to a Lewis
structure of aluminum chloride that is devoid of formal charge (Figure 14).
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Figure 14
Aluminum Chloride (AlCl3)

General chemistry participants also talked about the ability of a molecule to accept
hydrogen when comparing the relative acidity or basicity of two molecules. One of the ways they
made use of a molecule’s ability to accept hydrogen was the same as how they did in the first
activity, which was essentially to point out “this behaves in a way I associate with bases—this is
a base.” For instance, when comparing the relative acidity of the conjugate acid–base pair
sulfuric acid (H2SO4) and hydrogen sulfate (HSO4–), James chose sulfuric acid as the stronger
acid because he identified that hydrogen sulfate was a base. He stated that hydrogen sulfate
would accept a proton (although he initially said “electron” before correcting it), which meant it
was a base; the unstated implication here is that a base is not going to be a better acid. He said:
James:

My first line of reasoning wasn’t actually the fact that [H2SO4]’s a strong
acid. My first line of reasoning was the fact that [HSO4–] accepts an
electron [corrected to proton immediately following this] which makes it
a base, a conjugate base at least, of [H2SO4].

When general chemistry participants considered the two molecules being compared to be
the same type (i.e., acid vs. acid or base vs. base), the way they made use of a molecule’s ability
to accept hydrogen shifted slightly. Instead of looking at whether or not the behavior would
occur, participants considered which molecule was better suited to engage in the behavior. When
Cora compared the relative basicity of phenol and water (Figure 12), she talked about how the
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electron density distribution might cause phenol to have a greater affinity for hydrogen ions in
solution (it does not), making it a better base than water (it is not). She said:
Cora:

I feel like [phenol’s] more basic in that it has the rest of this molecule
attached to it by this carbon bond right here [C–O bond], and I dunno. I
think that might affect how distributed the electron densities are. Maybe
it’ll have a greater affinity to pick up hydrogen ions in solution.

Similarly, Ryder determined that hydrazoic acid (N3H) was more basic than ammonia (NH3)
because “[N3H] has less Hs, it can accept more Hs.”
Ryder’s reference to the ability of a molecule to accept hydrogen is not quite the same as
Cora’s. Cora discussed how phenol is the stronger base because it might be better at picking up
hydrogen ions in solution than water. Ryder did not make any statements about either molecule
being better at accepting a hydrogen and instead focused on hydrazoic acid’s ability to pick up
more than one hydrogen. In terms of the ability to accept hydrogen, Cora was focused on quality
of the process (phenol is better at it than water) and Ryder was focused on quantity (hydrazoic
can accept more hydrogen than ammonia). In both examples, one of the molecules was selected
as more basic because of its increased ability to behave as a base (in this case by accepting
hydrogen) compared to the other molecule. The examples differ in the nature of the increase in
behavior: one was about increasing the likelihood of the behavior occurring, and the other was
about the behavior occurring multiple times for one molecule.
Organic Chemistry Participants. Organic chemistry participants also considered the
ability of a molecule to accept hydrogen when they were attempting to determine whether a
molecule was an acid or a base. For example, Zevran explained how the lone pair electrons on
the nitrogen atom in ammonia (Figure 15) could accept a hydrogen ion, which indicated to him
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that ammonia was a base. He said “the lone pair could take an extra hydrogen, so I was like
okay, that’s it.”

Figure 15
Ammonia (NH3)

Krem discussed why he thought acetylene (Figure 1) was a base and said he was not comfortable
with the idea of acetylene losing a hydrogen and resulting in a carbanion (carbon atom with a
negative formal charge). Instead he was “more comfortable with some pi electrons grabbing
another hydrogen and so again, because I felt like…I could think of it grabbing something else
and bringing it in I thought of it as a base.”
In addition to discussing how the ability of a molecule to accept hydrogen indicated that
the molecule was a base, as Krem and Zevran did, some organic chemistry participants discussed
how the inability of a molecule to accept hydrogen indicated that a molecule was an acid. In
other words, organic chemistry participants made use of their understandings of basic behavior to
identify bases when the behavior was present and acids when the behavior was not present. For
instance, Wynne identified borane (Figure 16) as an acid and explained why not by discussing
how borane behaved as an acid, but by discussing how borane could not behave as a base. She
said:
Wynne:

Boron only has this [indicates the lack of electrons on the boron in the
Lewis structure] so it can’t donate any electrons. I’m pretty sure it doesn’t

136

wanna take any hydrogens given that it can’t make any more bonds, so
that’s my logic right there.

Figure 16
Borane (BH3)

It was not as common for organic chemistry participants to bring up how the inability to accept
hydrogen indicated that a molecule was not a base as it was for them to bring up how the ability
to do so indicated that a molecule was a base.
Even less common than this were instances in which organic chemistry participants did
not associate the ability of a molecule to accept hydrogen with basicity and instead associated it
with acidity. As I stated previously, most of the participants associated the ability of a molecule
to accept hydrogen with basicity; however, most does not mean all the participants did this.
While Cullen was attempting to determine if ammonia (NH3) was an acid or a base, he explained
what he was struggling with as he made his decision. He said:
Cullen:

I can’t decide like who is what kind of acid you know, like if it’s a Lewis
acid or a whatever-the-other-name-is acid because I feel like with this one
[NH3] it’s going to acid accept to become the ammonium […]. So then it’s
[NH3] going to become a base by getting a hydrogen so it’d be acid
accepts to get there [NH4+].
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Cullen’s use of the mnemonic “acid accepts” illustrates that he has conflated the Lewis and
Brønsted-Lowry models of acidity despite being aware that there is more than one model to
consider. The mnemonic “acid accepts” is used to help students remember that Lewis acids
accept electrons and does not work as a mnemonic for the Brønsted-Lowry model. The
Brønsted-Lowry model focuses on the transfer of hydrogen ions, not electrons. In that model,
acids do not accept hydrogen ions; bases do. Combining that mnemonic with the BrønstedLowry definition of basicity resulted in Cullen’s thinking that acids accept hydrogen and since
ammonia (NH3) accepts a hydrogen to become ammonium (NH4+), which he earlier
misidentified as a base, then ammonia must be an acid. His error was likely further supported by
the fact that he was aware of a relationship between ammonia and ammonium and had already
misidentified ammonium as a base.
During the second interview activity, participants were tasked with comparing the
relative acidity or basicity of two molecules. Sometimes organic chemistry participants
determined that instead of the two molecules being either both acids or both bases, they were in
fact different; one molecule was an acid and the other was a base. In these cases a molecule’s
ability to accept hydrogen factored into their reasoning much like it did for the first activity. In
other words, if they were asked to choose the better acid and the participants felt that one of the
molecules behaved like a base, and was therefore probably a base, they brought that information
up as part of their reasoning for why they chose the actual acid as better. For instance, Duncan
discussed why he thought sulfuric acid was a better acid than nitric acid (Figure 17). He
explained that when it came to nitric acid he thought “it’s a base because it can get a proton
[pointing to O–].” In the case of this particular comparison, Duncan has stated that, out of the two
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molecules, nitric acid is a base. This is incorrect because, as its name suggests, nitric acid is, in
fact, an acid.

Figure 17
Sulfuric Acid (H2SO4) vs. Nitric Acid (HNO3)

When organic chemistry participants compared the relative acidity or basicity of two
molecules, they often considered how likely a given behavior was to occur and to a lesser extent,
whether or not it could happen more often. In other words, they often tried to determine if one
molecule was more likely to accept hydrogen or, less frequently, they tried to determine if one
molecule had the ability to accept more than one hydrogen. An increase in the behavior
associated with acidity or basicity indicated that the molecule was more acidic or basic than the
other. For example, Flemeth discussed why she thought phenol was a better base than water (it is
not) (Figure 12):
Flemeth:

[Phenol is the better base] because you could add a hydrogen to [the OH in
phenol] and it would make the water and this would come off [as H2O]
and I think this [resulting cation] would be stabilized by the resonance
maybe. I don’t know what I’m basing that on, to be honest. I feel like
because of all the electrons that are already here [gestures to phenol] that
it’s more likely to pick up a hydrogen as opposed to here [water].
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While Flemeth’s explanation is an example of how organic chemistry participants’ choice
of which molecule is a better acid or base was informed by how likely the molecule is to accept
hydrogen (the quality of the behavior), Sebastian referred to the quantity of hydrogens that can
be accepted by a molecule in his determination that barium hydroxide (Ba(OH)2) was a better
base than sodium hydroxide (NaOH). He discussed the reason for his choice and said that
“[Ba(OH)2] would be a better base because we now have two places that we can accept protons
rather than just one.” The “places” he referenced in his explanation are the hydroxides. Barium
hydroxide has twice as many hydroxide ions as sodium hydroxide does and, therefore, has two
places where protons can be accepted, as opposed to one.
Organic chemistry participants also discussed how the decreased likelihood of a behavior
informed their choices when comparing relative acidity or basicity. In general, if the participants
deemed the molecule was less likely to exhibit behavior they associated with acidity, then that
molecule would not be picked as the “better” acid. Conversely, if they determined the molecule
was less likely to exhibit behavior they associated with basicity then that molecule would not be
picked as the “better” base. For example, Cole explained why they thought water was a better
base than phenol (Figure 12) because “these electrons [lone pair on O in phenol] can be involved
in resonance and that lessens their availability to potential hydrogen.” In other words, because
the electrons on the phenolic oxygen are not as available, phenol will not be able to accept a
hydrogen ion as well as water can and that makes water the better base.
Comparing General and Organic Participants. Both participant groups were more
likely to bring up how a molecule’s ability to accept hydrogen indicated it was a base as opposed
to pointing out how the inability of a molecule to accept hydrogen indicated it was an acid. The

140

main difference between the groups was in how often they referred to the “accept hydrogen”
behavior in their reasoning.
During the first activity, in which participants were asked to identify molecules as either
acids or bases, almost every organic chemistry participant brought up the ability of a molecule to
accept hydrogen at least once. The same was true for the second activity; almost every organic
chemistry participant (although less than in the first activity) brought up the ability of a molecule
to accept hydrogen at least once when comparing the relative acidity or basicity of molecules.
Unlike their organic counterparts, less than half of general chemistry participants brought up the
ability of a molecule to accept hydrogen at least once during the first activity and less than a third
did so for the second activity. The disparity in use between the two groups of participants
becomes even greater when considering the total number of times participants brought up the
ability of a molecule to accept hydrogen. The total number of times organic chemistry
participants brought up the ability of a molecule to accept hydrogen greatly exceeded that of
general chemistry participants, as they did so over five times as often; this was true for both the
first and second activity independent of each other. It should be noted that there were more
organic chemistry participants in this study; however, it is unlikely that a difference of five
participants is responsible for this disparity in use.
In other words, when organic chemistry participants made decisions about acids, bases,
acidity, and basicity, how a molecule behaved, specifically whether or not a molecule could
accept hydrogen, was part of their reasoning more often than for general chemistry participants.
Donate Hydrogen
When identifying a molecule as either an acid or base and when comparing the relative
acidity or basicity of molecules, participants often considered the ability of a molecule to donate
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hydrogen. In general, participants’ associations with this behavior were in line with the
Brønsted-Lowry model of acidity, which defines acids as molecules that can donate a proton. As
I previously mentioned, the use of “hydrogen” in Donate Hydrogen should be taken to represent
hydrogen species in general as participants used several terms to talk about the transfer of
hydrogen in acid–base chemistry.
General Chemistry Participants. When some general chemistry participants identified a
molecule as an acid or a base, they considered the ability of the molecule to donate hydrogen,
usually associating the ability of a molecule to donate hydrogen with it being an acid. For
example, Liara talked about why she decided that acetylene (C2H2) was an acid and said “I forget
which person’s law it was, but an acid is [a molecule] that has hydrogens to donate, so I thought
this one [C2H2] would be an acid.” Like many general chemistry participants, it seems that
Liara’s decision about whether or not the molecule will behave like an acid (i.e., donate a
hydrogen), is based solely on whether or not the molecule can behave like an acid (i.e.,
hydrogen is present). Nyreen was explicit about this point when she provided her reason for
identifying borane (BH3) as an acid and said “everything that I put in [the acid pile], I literally
was just like oh it has a hydrogen. That means it can donate a hydrogen.” Both of these
quotations indicate that general chemistry participants’ criterion, at least in part, for determining
whether or not a molecule will donate hydrogen is whether a hydrogen is present.
Some of the general chemistry participants attempted to provide reasons for why a
molecule would be able to donate hydrogen that addressed more than just the fact that hydrogen
was present. For instance, Aria explained that she thought acetic acid (Figure 13) was an acid
because “I did remember viewing one part where it said the H proton that an acid donates usually
is bonded to the oxygen.” Mordin also provided a reason for why he thought ammonium (NH4+)
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could donate hydrogen—and was therefore an acid—when he brought up the charge and said
“this (NH4+) has an extra hydrogen, which is why it has a positive charge in it, which means that
hydrogen can be donated.” Mordin recognized that the reason for the positive charge on nitrogen
is that there was an “extra” hydrogen and implied that both of those factors contributed to
ammonium’s ability to act as an acid by donating hydrogen. Responses like Aria’s and Mordin’s
were not as common among general chemistry participants as responses that did not attempt to
account for a molecule’s ability to donate hydrogen beyond it being present.
When general chemistry participants were tasked with comparing the relative acidity or
basicity of two molecules in the second interview activity, they sometimes brought up the ability
of a molecule to donate hydrogen. In these cases, their discussions often involved how likely or
favorable it would be for one molecule to donate hydrogen. Whichever molecule would more
“easily” donate hydrogen was typically the molecule that was chosen as more acidic. This raises
the question “what do general chemistry participants consider when they are deciding which
molecule is more likely to donate a hydrogen?” When Cora decided that acetylene was a better
acid than acetylacetone (Figure 6) she explained that:
Cora:

Well when I look at [acetylacetone] I see that there’s three potential places
where we can get a hydrogen atom to be released into solution for [it] to
be an acid. It can be right here- […] this CH3 group and then this CH3
group, and then the two hydrogens on the center atom of carbon. For
[acetylene] there’s two places where you could get hydrogen from. It
could be from here and from here, and the reason ultimately why I chose
[acetylene] was because I saw that there was a triple bond on this carbon
that was also bonded to the hydrogen. I kinda thought in terms of electron
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densities, how it’s more concentrated between the [two] carbon [atoms]
than it it with the hydrogen. Here [acetylacetone] we’re relatively evenly
distributed [indicates sigma bonding system of C–CH2–C] especially since
all these atoms have pretty simi- well carbon has the same
electronegativity as this carbon and then hydrogen’s pretty close too. So
then I felt like that’s why [acetylene] would be a stronger acid because the
[electron] density isn’t distributed equally.
Cora took a number of different factors into consideration when making her decision about the
relative acidities of acetylene and acetylacetone. She first explained that she considered both
molecules and took stock of where the hydrogens were in each molecule. She then considered
how the electron density distribution might be different for the two molecules and determined
that the electron density distribution in acetylacetone was spread evenly around the methylene
hydrogens but was not evenly distributed in acetylene. In acetylene, she identified that there was
more electron density between the two carbons than there was between the carbon and hydrogen.
It was that difference which she felt might make the hydrogen on acetylene more likely to be
donated, resulting in its being the stronger acid. This is not the most representative quotation.
Most general chemistry participants did not employ this type of reasoning based on multiple
factors. Not only is Cora very thorough and explicit in her explanation but she also looked for
underlying electronic factors that might contribute to the molecules’ ability to donate hydrogen
in addition to looking at the more surface-level features such as the presence of hydrogen in the
molecule.

Most general chemistry participants seemed to struggle to provide explanations beyond
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the surface level when they considered how one molecule could better donate a hydrogen than
the other. Aria focused on the atom to which hydrogen was bonded when comparing the ability
of two molecules to donate hydrogen. For example, Aria also decided that acetylene was a better
acid than the acetylacetone (Figure 6) and said:
Aria:

I know I’ve seen [acetylene] on the list of acids somewhere, and I feel like
[acetylacetone] is just a regular molecule that wouldn’t act as an acid.

I:

Okay, so what is it about [acetylacetone] that just says “regular molecule”
to you?

Aria:

I could look at that same structure or like the same concept that I was
thinking about and look at where the Hs are bonded [points to methylene
Hs]. Here the [methylene] hydrogens are bonded to the carbon, and I just
know that if it’s based on what it’s bonded to, it wouldn’t donate that
hydrogen.

Aria explained that she thought acetylacetone was less able to donate hydrogen (and
therefore was not the better acid) because it was a “regular molecule.” When pressed to explain,
she talked about how she considered which atoms the hydrogens were bonded to and that if the
ability of a molecule to donate hydrogen is based on what the hydrogen is bonded to then
acetylacetone would not donate a hydrogen. This explanation is vague because the reason
provided for acetylacetone’s being less acidic does not actually differentiate it from acetylene. If
what the hydrogen is bonded to determines whether or not it can be donated and the hydrogens in
question for both molecules are bonded to a carbon atom, then the explanation is rather lacking
in its ability to explain how acetylene is the better acid. I consider this a surface-level
explanation because the focus is only on visible features in the molecule and the discussion does
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not go deeper to the underlying (and invisible) chemical principles
General chemistry participants also considered how many times a molecule could donate
a hydrogen. For instance, Karin explained why she thought sulfuric acid (H2SO4) was a better
acid than nitric acid (HNO3) when she said “I’m gonna say this [H2SO4]’s more acidic just cause
there’s more…it has two different hydrogens that can come off versus this one [on HNO3].” This
reasoning involves the view that the more hydrogens a molecule has, the more acidic it is
because the molecule can participate in the behavior associated with its identity as an acid (in
this case donating hydrogen) more compared to a molecule with fewer hydrogens.
Organic Chemistry Participants. Almost every organic participant brought up the
ability of a molecule to donate hydrogen at least once as part of their reasoning when classifying
a molecule as an acid or base. In most cases they associated the ability to donate hydrogen with
acidity. For example, Oghren explained why he thought borane (BH3) was acidic, and it was
because “[borane] had three hydrogens and so it could easily donate those.” The inability of a
molecule to donate hydrogens was mostly associated with basicity. For example, Isabela
determined that aluminum chloride (AlCl3) was a base because “there’s no hydrogens on here
that we can donate.” For her it was less about how aluminum chloride exhibited basic behavior
and more about how it lacked the ability to behave as an acid. Both Oghren’s and Isabela’s
quotations also demonstrate that when organic chemistry participants considered a molecule’s
ability to behave as an acid (in this case by donating hydrogen), they often only looked for
whether or not there was a hydrogen present.
When organic chemistry participants discussed the ability of a molecule to donate a
hydrogen, they sometimes did more than credit the behavior of the molecule to the presence of
hydrogen. For instance when Cass was asked to explain why she thought ammonium (NH4+) was
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an acid she said “[NH4+] has too many bonds, so then if it loses a hydrogen and it keeps the
electrons, then it’ll be stable.” Cass’s reasoning about the ability of a molecule to donate a
hydrogen extends beyond the presence of hydrogen in the molecule, and she talks about how
behaving as an acid (donating a hydrogen) will decrease the number of bonds in the molecule (a
good thing given there were “too many”) and produce a stable result. Achieving some kind of
stable result is likely viewed as favorable given the general understanding that low energy states
(i.e., more stable states) are thermodynamically preferred. Carver also brought up stability in
conjunction with a molecule’s ability to donate a hydrogen when he explained why acetylene
(C2H2) was a base. He said that acetylene was not an acid because “I just don’t feel like it can
donate the hydrogen. It’s not- I feel like it’s not stable if it does.”
Sometimes when organic chemistry participants identified that a molecule was an acid
and explained why by discussing its ability to donate a hydrogen, they also brought up the
presence of charge. For instance, when Varric explained why he thought ammonium (NH4+) was
an acid, he said “first thing I see is a charge and so therefore this could easily lose a proton.”
Varric likely associated positively charged species with acids or might have been referring to the
idea that the preferred state of atoms, in general, is one in which they have a full octet and no
formal charge. In the latter case, he may have considered the positively charged nitrogen in
ammonium to be less favorable than the nitrogen in ammonia (NH3), which has no formal
charge. However, given Varric’s short response, it is difficult to determine which is the case.
When organic participants were tasked with comparing the relative acidity or basicity of
two molecules, they often considered which of the two molecules was more likely to donate
hydrogen. Sometimes they discussed how electronic effects such as electronegativity, charge,
resonance, and s character contributed to a molecule’s ability to donate a hydrogen. For instance,
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Fenris talked about how the sulfur in sulfuric acid (H2SO4) was more electronegative than the
nitrogen in nitric acid (HNO3) and said “[S] is more electronegative [than N], so it’s more likely
to pull the electrons towards it so it would be more likely to let that hydrogen go.” Associating
the ability of a molecule to donate a hydrogen with electronic effects that made it easier for the
molecule to lose the hydrogen was one of the more common ways electronic effects, in general,
came up.
Another way that participants brought up how electronic effects were tied to a molecule’s
ability to donate hydrogen can be seen in how Josie explained why she felt sulfuric acid (H2SO4)
was a better acid than hydrogen sulfate (HSO4–). According to her, sulfuric was the better acid
“because [hydrogen sulfate] wouldn’t wanna give up a proton because then you have two
negative charges on [the resulting sulfate anion, SO42–].” Josie’s explanation highlights how she
feels the charge on the conjugate base of hydrogen sulfate makes it less likely that hydrogen
sulfate will lose a proton. A less favorable outcome in terms of the resulting molecule’s stability
means the reaction is less likely to occur; and if the reaction (in this case donating a hydrogen) is
less likely to occur, then the molecule is viewed as less acidic.
Related to both electronic factors and resulting conjugate base stability, a good number of
the organic chemistry participants discussed resonance when referencing the ability of a
molecule to donate a hydrogen during the comparison activity. As I implied in the previous
sentence, most of the references to resonance were specifically about how a molecule was a
better acid because the ability to donate a hydrogen was favored because of the resonance
stabilization of the resulting conjugate base. Discussions of how resonance stabilization of the
resulting conjugate base favored donation of hydrogen and, thus, increased a molecule’s acidity
often occurred for the comparisons of acetylene vs. acetylacetone, water vs. phenol, and sulfuric
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acid vs. nitric acid. Carver decided that phenol was a better acid than water (Figure 12) because
when phenol “donates the hydrogen [indicates acidic H] and has the negative charge on the
oxygen, it can cycle through this whole thing [indicates benzene ring]. It’s stabilized by the
resonance hybrid.” Carver’s reasoning is that because the phenoxide ion resulting from phenol
having donated a hydrogen is resonance stabilized, the deprotonation of phenol is favored,
making it more acidic.
As another example, Tallis explained that acetylacetone was a better acid than acetylene
because of its acidic hydrogens (Figure 6). Specifically, she spoke about how the loss of those
hydrogens in particular was favored:
Tallis:

[Acetylacetone’s] gonna lose this hydrogen [2° H] cause it’s got resonance
through there [carbonyl groups]. It’s not gonna lose [an H] from there
[methyl groups] as easily. I’m just trying to compare the resonance to the
inductive effect of this triple bond [in acetylene]. So in terms of acidity, I
would say that this hydrogen [2° H in acetylacetone] is more acidic than
this hydrogen [in acetylene]

Tallis recognized that (a) the more acidic the acid, the more likely the conjugate base is to form
and (b) the more stable the conjugate base, the more likely it is to form. Therefore, the more
acidic acid will have a more stable conjugate base than the less acidic acid, which will have a
less stable conjugate base. The general idea behind Tallis’s approach is that you can support
your choice of which molecule is more likely to be deprotonated (which one is more acidic) by
showing how one conjugate base is more likely to form. The typical way to demonstrate that the
formation of one conjugate base is favored over another is to identify and compare the factors
contributing to the stability of both conjugates, determine which ones impart more stability, and
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then choose accordingly. Tallis compared how the stability afforded by the electrons on the 2°
carbon (between the two carbonyl groups) participating in resonance with the two adjacent
carbonyl groups in acetylacetone compared to the stability afforded by the increased s character
of acetylene’s triple bond.
Comparing General and Organic Chemistry Participants. Almost every single
organic chemistry participant brought up the ability of a molecule to donate hydrogen at least
once during the interview activities compared to approximately two thirds of the general
chemistry participants. In addition to not discussing the ability of a molecule to donate hydrogen
as often as organic chemistry participants, general chemistry participants also did not bring up
reasons why that behavior might occur as often or in the same manner as organic chemistry
participants did. For the most part, general chemistry students’ attention was on features that
could be seen, as opposed to examining the underlying chemical principles represented by those
features.
The data in the previous sections demonstrate that the organic chemistry participants did
not struggle as much as the general chemistry participants to elaborate on the factors that affect a
molecule’s ability to donate a hydrogen. Even so, some of them still focused on more surfacelevel features when they referenced a molecule’s ability to donate a hydrogen. For instance,
when comparing the acidity of borane (BH3) and boron trifluoride (BF3) Leliana said:
Leliana:

So [BF3] is going to be solely a Lewis acid because all it can do is accept
electrons, whereas [BH3]…I mean obviously boron’s gonna have a
consistent orbital system, so it’s not gonna be any different here. So I
would assume [BH3] would also be a Lewis acid, but it also has three
potential hydrogens that […] if there was a strong enough base, it would
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be able to pull off eventually all three of those hydrogens. So I would say
[BH3] is gonna be your stronger base, I mean stronger acid.
Even with some level of understanding or awareness of these molecules’ abilities to behave as
Lewis acids, it is behavior associated with the Brønsted-Lowry model—the ability to donate a
hydrogen—that ends up tipping the scales for Leliana in favor of her identifying borane as the
better acid. This quotation, along with other data presented in this section, suggests that organic
chemistry students are more able to discuss underlying chemical principles, such as resonance
stabilization of the resulting conjugate base, that may contribute to a molecule’s acidity than are
general chemistry students. However, the organic chemistry participants in the current study did
not exclusively focus on underlying chemical principles when discussing relative acidities. At
times, they struggled to properly apply underlying principles and/or focused on surface-level
features, such as the presence of hydrogen.
Accept/Donate Electrons
Sometimes general and organic participants brought up the ability of a molecule to accept
or donate electrons during the interview activities. Unlike the ability of molecules to accept
hydrogen and donate hydrogen, the ability of molecules to accept electrons and donate electrons
was brought up much less frequently, and I have combined the trends in order to facilitate
discussion of the results. Discussing acid–base behavior in terms the transfer of electrons falls
under the Lewis model of acidity, which defines acids as molecules that can accept electrons and
bases as molecules that can donate electrons. In general, when the participants identified
molecules as acids or bases and compared relative acidity or basicity, they associated the ability

to donate electrons with basicity and the ability to accept electrons with acidity, consistent with
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the Lewis model.
General Chemistry Participants. When general chemistry participants identified a
molecule as an acid or a base, they sometimes considered the ability of a molecule to accept or
donate electrons as part of their reasoning. Edi attempted to decide whether lithium aluminum
hydride (Figure 10) was an acid or a base and considered whether or not it could accept or donate
electrons:
Edi:

[LiAlH4] can technically donate. Well, it can’t even donate. If this [circles
Li] goes in, it’s just gonna disassociate [sic]. It doesn’t have anything to
really give, and it doesn’t have any room to take. So it can’t be an acid,
‘cause [LiAlH4] can’t accept any electrons; but it can’t really donate either
‘cause it’s already got eight. […] If I had a gun to my head I’d go with
base.

Edi’s reasoning involving the ability of a molecule to accept or donate electrons is not only
representative of other general chemistry participants’ reasoning in that she associates donating
electrons with bases and accepting electrons with acids; it is also representative of the fact that
general chemistry participants mostly looked for lone pair electrons when considering the ability
of a molecule to donate electrons; and, like Edi, many of them struggled to make use of their
understanding. For example, consider how Miranda reasoned about ammonia (Figure 15) and
ammonium (NH4+). Initially, she decided that ammonium was a base, but after seeing ammonia
she changed her mind and switched ammonium to acid. She said:
Miranda:

I know that if [a molecule] has a positive charge, it can’t be a base cause
there’s no electrons to give. I’m pretty sure that both of these [NH3 and
NH4+] can’t be acids. Well, ‘cause I think one of these is the conjugate. So
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[NH3] has an electron pair so I was like maybe [NH3] can donate the
electron pair and [NH4+] can accept it maybe cause [NH4+] doesn’t have
anything to give.
Miranda has decided that of the pair of molecules, one of them is an acid and one of them is a
base and that they are related to each other as a conjugate acid–base pair. She associates the
ability of a molecule to donate electrons with its identity as a base and has decided that because
of the charge on ammonium and lack of lone pair electrons, it cannot donate electrons and is
likely not a base. Even though Miranda was not entirely certain in her reasoning and lacked a full
understanding of how these molecules would behave, her ability to reason about this behavior
was on the higher end of the general chemistry participant group.
Some general chemistry participants incorrectly associated the ability to accept electrons
with bases (instead of acids) and the ability to donate electrons with acids (instead of bases). For
instance, Ryder initially identified aluminum chloride (AlCl3) as an acid; but upon determining
that aluminum only “has” six electrons (referring to the three pairs of bonding electrons), she
changed her mind. She said:
Ryder:

The aluminum actually only has six electrons. I wanna actually put it less
sure for base.

I:

Why the shift?

Ryder:

I would change it to less sure for base. ‘Cause, well aluminum can accept
two more electrons, and I don’t see what it would give away

Ryder’s statements about aluminum having only “six electrons” is likely the result of her having
considered whether or not aluminum had a complete octet of electrons. Given the three chlorine
atoms in the molecule and the lack of lone pair electrons on aluminum, she identified that
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aluminum only has access to six valence electrons and can accommodate another bond (two
more electrons). While this is correct, she has incorrectly determined that the ability to accept an
additional electron pair in the form of a bond means that aluminum chloride is a base when it is,
in fact, an acid.
Many of the general chemistry participants who discussed the ability of a molecule to
accept or donate electrons also struggled to make use of their understanding when comparing the
relative acidity or basicity of two molecules. For example, when Mordin compared the acidity of
acetylene to acetylacetone, he struggled to come to a decision. While he was considering the two
molecules, he flipped the notecards over to consult the Lewis structures, so I asked him what he
was hoping to get by looking at the Lewis structures (Figure 6). He explained:
Mordin:

[I’m] just looking at it from another angle. You can also think of the
Lewis base definition of it…just lone pairs, acid. You know the electron
donators, the electron acceptors. So in this case you could have donators
there [points to lone pair O].

I:

but there’s nothing that-

Mordin:

clearly shows anything to me. So right now I’m just stuck.

This type of reasoning, in which general chemistry participants noticed a lone pair of electrons
and considered that the molecule might be able to participate in Lewis acid–base behavior in
some way, only to stall out at that point, was not uncommon.
Organic Chemistry Participants. Organic chemistry participants also struggled to make
use of their understandings of Lewis acid–base behavior (the ability of a molecule to donate or
accept electrons) during the interview activities. Most of them associated the ability of a
molecule to donate electrons with basicity and the ability of a molecule to accept electrons with
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acidity although a few, like Varric, did not. He explained that borane (BH3) was a base (it is an
acid) because he “decided that I could consider it basic because it accepts an electron pair in the
mechanism.” Varric’s issue seems to be with properly recalling which type of behavior is
matched up to which classification of molecule (acid or base), as he was able to correctly
determine how borane will behave. Other participants were able to associate a behavior with the
correct type of molecule, but unable to correctly predict how the molecule would behave. For
instance, Aveline said aluminum chloride (Figure 14) was a base because “the Cls could donate
their electrons.” She correctly identified what constitutes basic behavior (donation of electron
pairs), but she was not able to correctly predict how the molecule would behave and identified
aluminum chloride as a base instead of an acid (the Al in aluminum chloride can accept electron
pairs).
Organic chemistry participants referenced a number of different factors related to the
donation or acceptance of electron pairs to ultimately come to a decision about the identity of a
molecule as an acid or a base. Some of their reasoning was circuitous. For example, when
Morrigan discussed why she thought acetylene (Figure 1) was an acid, she admitted that she did
not actually think it was acidic or basic because she considered it “more of a neutral molecule”
and continued to explain further:
Morrigan:

It would play more of a nucleophilic- like electron donor role with a
strong base to deprotonate it. [looks at Lewis structure] ‘Cause a triple
bond--and that’s when you can do like alkyne substitution in reactions so
it would act like—you would have to deprotonate it which makes it acidic
but you just need a really, really strong base.

Morrigan was able to recognize acetylene’s ability to act as an acid by remembering that she was
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familiar with the conjugate base of acetylene and knew that it acted as an electron donor and
nucleophile. It was her discussion of how that nucleophilic species was formed (by deprotonating
acetylene with a strong base) that ultimately led to her ability to see it as acidic. This response is
a bit odd as her phrasing “it would play more of a nucleophilic-like electron donor role” seemed
to imply that Morrigan does not associate a molecule’s ability to donate electrons and its identity
as a nucleophile, with basicity. Even though she knew that acetylene could react to form a
product that acts as an electron donor and nucleophile, the direction of her explanation initially
seemed aimed at describing why acetylene is not acidic or basic. It is not until she referenced that
acetylene must be deprotonated to form the nucleophile that she recognized it was an acid. The
main connection in Morrigan’s mind appears to be the nucleophilicity and electron donating
capacity of the product of acetylene’s deprotonation, which does not appear to connect directly
to the idea of acidity or basicity. As she attempted to discuss the resulting nucleophile, she was
ultimately able to identify acetylene as an acid in terms of the Brønsted-Lowry model of acidity
(because it donated a proton) but not by the Lewis model (as an electron pair acceptor).
Not all of the organic chemistry participants struggled to make use of their understanding
of a molecule’s ability to accept or donate electrons. Leliana recognized the comparison of
pyridine vs. pyrrole (Figure 9) as being related to the material in her organic chemistry course;
and she was able to explain why pyrrole was an acid, why pyrrole was not a base, and why
pyridine was a base while also navigating the ideas of Brønsted-Lowry and Lewis models of
acidity. She said:
Leliana:

This one [pyrrole]. This lone pair of electrons [on N] is not available to
accept a hydrogen because it’s a part of the aromatic sextet of this ring.
With that being said, it’s not gonna want to accept another hydrogen,
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making it not a Brønsted-Lowry base and it’s also not gonna want to
donate those electrons, making it not a Lewis base. So [pyrrole] has to be
an acid.
She has explained how pyrrole cannot be a base according to either model of acidity by
discussing the inability of it to accept a hydrogen as well as donate its electrons. Her approach
was not to discuss pyrrole’s ability to act as an acid and, instead, she focused on its inability to
act as a base. This generic approach of “if not base, then acid” and “if not acid, then base” where
the focus is placed on what the molecule cannot do or does not have was not as common as
placing the focus on what the molecule can do or does have. While it may not have been as
common, this type of reasoning has been seen throughout the data as I have reported in the
results. What makes Leliana’s consideration even more uncommon is that she used more than
one idea of what constitutes a base before she eliminated pyrrole as a candidate for basicity.
Having identified pyrrole as an acid, she then explained how the electrons in pyridine are
available to form bonds, indicating that it is a base. She said:
Leliana:

So here [on pyridine], our lone pair of electrons [on N] is willing to make
bonds because it’s not a part of the aromatic sextet…so I don’t think
they’re both the same. I think that [pyrrole’s] gonna end up being an acid
‘cause it can donate that proton and can’t accept anything whereas
[pyridine] is willing to form bonds with something new.

Leliana’s ability to use multiple models of acid–base behavior and, specifically, her ability to
correctly reference the Lewis model of acid–base behavior was not common among the organic
chemistry participants.
Most of organic chemistry participants’ references to the ability of a molecule to donate
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or accept electrons occurred when identifying a molecule as an acid or a base. Only a handful of
references were made to this behavior when comparing relative acidity or basicity. Most of the
comparisons in which organic participants discussed a molecule’s ability to donate or accept
electrons occurred for borane (BH3) vs. boron trifluoride (BF3). For instance, Merrill explained
that borane was an acid because it was a Lewis acid and said:
Merrill:

[Borane] is considered a Lewis acid cause there’s only 3 hydrogen
attached so there’s a empty- what do you call that lobe like that
hybridization stuff what do you call that… There’s an empty orbital [on
boron] that a lone pair could I guess transfer to.

She continued and expressed doubt in her ability to explain herself:
Merrill:

It’s difficult to explain that. I don’t know how to explain that

I:

I mean you kinda did explain it.

Merrill:

So yeah, ‘cause I mean, definition-wise, if you go by the definition of a
Lewis acid, it’s an electron pair acceptor so, there you go.

Despite her doubts in her understandings, Merrill’s explanation goes beyond surface level
because she makes the connection between the ability of a molecule to accept electrons with an
atom in that molecule having an empty orbital.
Comparing General and Organic Participants. My discussion of how general and
organic chemistry participants brought up a molecule’s ability to accept or donate electrons when
identifying acids and bases and when comparing acidity and basicity demonstrates that both
groups struggled to make use of their understandings about the roles that electron pairs play in
acid–base reactions. Even when the general chemistry participants understood that an acid
accepts electrons and a base donates them, they struggled to discuss how the molecules under
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consideration would be able to engage in that behavior. The organic chemistry participants who
discussed the ability of a molecule to accept or donate electrons were more able to apply their
understanding of Lewis acids and bases to the molecules under consideration, but displayed a
range of ability in doing so
Formation of Product
Sometimes, the participants used the behavior of molecules to consider the potential
products of acid–base reactions. They then used this information to make decisions about acidity
and basicity. In other words, when making a case for why something was an acid, a base, more
acidic, or more basic participants sometimes brought up the existence of the product of those
potential reactions. The idea being if a molecule can form a product via an acid–base reaction
then the molecule is an acid or a base. If the product of the molecule undergoing an acid–base
reaction does not form or is not favored, then the molecule is not an acid or a base or as acidic or
basic. Even though participants’ statements were mainly about the result of chemical behavior
(product formation) as opposed to exactly how the molecules behaved to form the product, I
determined that the fact that product formation is a direct result of some form of chemical
behavior warrants an inclusion of the discussion of this trend in the current section.
General Chemistry Participants. Approximately half of the general chemistry
participants referenced the formation of product when making decisions about the acidity and
basicity of molecules over the course of the interview activities, mostly in a declarative fashion.
For instance, Garrus explained that he identified acetic acid as an acid because “It will dissociate
to make CH3COO negative.” Garrus has implied that he knows the product of acetic acid
behaving as an acid (CH3COO–) exists, which then means that acetic acid behaves as an acid. I
consider this declarative because he did not provide an explanation or evidence to support his
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determination of product formation. In that sense, the general chemistry participants’ use of this
approach to discussing a molecule’s acidity or basicity did not address or make use of the
underlying principles that govern how molecules react.
Almost all of the general chemistry participants’ explanations were similar to Garrus’s,
However, there was one instance in which the participant knew a potential product existed, but
not how it was formed. To clarify, Karin struggled to identify aluminum chloride (AlCl3) as an
acid or a base, and one of the things she thought about was how she had seen the ion AlCl4–
before. She figured that it was perhaps the product of aluminum chloride having behaved as an
acid or a base. She explained “I’ve seen something like AlCl4 minus. So I remember seeing it’s
usually like this [AlCl3] plus Cl, like a chloride ion, gives you AlCl4.” She knew that there was
evidence of aluminum chloride being able to accept another chlorine, but was unsure how
exactly that occurred and what that would mean with regard to aluminum chloride’s acidity or
basicity. Even though this line of reasoning did not yield an identification for her, it could have
because AlCl4– is the result of aluminum chloride’s having acted as a Lewis acid. This is also an
example where declarative knowledge that relies heavily on recognition becomes less useful for
students because once the recognition component is either incomplete or missing, the approach
falls apart. Looking at the two molecules and considering exactly how aluminum chloride would
need to behave in order to form AlCl4– rather than relying on simply “knowing” what happens
could potentially lead a student to realize that in order to be bonded to something else, aluminum
must accept an electron pair as it has none of its own to donate to a newly forming bond.
Molecules that accept electrons are acids according to the Lewis model of acidity.

There were a few examples of general chemistry participants considering potential
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products in an attempt to come to a decision about whether a molecule was an acid or base. For
instance Miranda decided that acetylene (Figure 1) was not going to act as an acid or base
according to the Lewis model of acidity, and she decided to consider the products of it behaving
as a Brønsted-Lowry acid and base. “I see you [C2H2] don’t accept electrons; but I also see
hydrogens, and I’m trying to think of it as like could it be like a C2H minus or like a C2H3 plus.”
Miranda ended up deciding that acetylene was an acid because it contained hydrogen atoms, but
she attempted to obtain more information about the molecule by thinking about the result of its
gaining or losing a hydrogen. She lacked familiarity with acetylene overall and was unable to go
further with this line of reasoning.
General chemistry participants talked about the formation of possible products the same
way for the second interview activity as they did for first. In other words, they did not discuss it
very often, and their statements about product formation were mostly declarative in nature.
Organic Chemistry Participants. Most of the organic chemistry participants discussed
the potential products formed from acid–base reactions at least once over the course of both
interview activities. When they brought up the products of acid–base reactions, it was almost
always to point out how the known or proposed existence of a product informed their decisions
about acidity and basicity. Also common was for them to provide some level of detail about how
the product was favored. For instance, Krem explained why he thought sulfuric acid was an acid.
He explained that while he recognized sulfuric acid (Figure 18), he could also make a case for
resonance stabilization of the conjugate base:
Krem:

If I look at this [points to O–H bond] and if I did have another lone pair
here [points to O–H bond], I could see how all of these oxygens [indicates
other 3 oxygens on the molecule] here could r- they would resonate with it
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and be stable, any of them having that negative charge and moving it
between themselves.
Figure 18
Sulfuric Acid (H2SO4)

Krem indicated he was aware that the conjugate base of sulfuric acid (i.e., the product of its
behaving as an acid) benefits from resonance stabilization of the negative charge, which makes it
more likely to form and, in turn, means that sulfuric acid is likely to act as an acid.
Often, participants knew the product existed and how the molecule being considered
became the product, but did not necessarily include additional information about how the product
itself was favorable, like Krem did. For example, Sera explained why she thought acetylene
(Figure 1) was a base (it is an acid). She said “it’s gonna wanna lose this hydrogen. [It] doesn’t
wanna gain anything else. Then there’ll be a minus charge on the carbon.” It should be noted that
Sera described the behavior of a Brønsted-Lowry acid and incorrectly associated it with basicity.
She did provide some details about how the molecule gets from the form seen in the interview
activity to the product that is being discussed, but it is still a more declarative use of product
formation. She did not provide any reasons for why the product might form, and even admitted
to not being familiar with the conjugate base.
Less common were discussions in which students recognized that a potential product
existed, but could not reason how the product would be formed from the molecule under
consideration. For instance, Cole confessed that when they identified borane (BH3) as an acid,
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they mostly guessed and discussed their lack of certainty surrounding how borane might behave:
Cole:

I don’t remember exactly but I feel like boron was happy with 3 bonds so
again, for the same reason as before, it wouldn’t necessarily accept
another- to me, based on what I know- accept another hydrogen if possible

I:

So you think it has the potential to lose one or-

Cole:

Wait no, NaBH4 is definitely a thing. Yeah, I don’t know.

Cole explained that they did not think borane could accept another hydrogen; and then they
remembered that sodium borohydride (NaBH4) exists, which seemed to be evidence that borane
can be bonded to another hydrogen. They were not able to go further with this line of reasoning
to propose how borane might become sodium borohydride, nor were they comfortable rethinking
their choice based on their recollection that sodium borohydride exists. This type of explanation
and reasoning is the least detailed when it came to how participants made use of possible product
formation when discussing acidity and basicity.
For the comparison activity, it was even more common for organic chemistry participants
to point out how the formation of the product of an acid–base reaction was favored, as opposed
to simply declaring that it formed. For example, Dagna explained that phenol is a better acid than
water (Figure 12) because:
Dagna:

It would put negative- [flip over H2O to Lewis structure] they would both
put [a] negative charge on oxygen but this one [O of C6H6O] can have
resonance by putting it on the carbons [indicates the charge moving
around the benzene ring with her finger].

She compared the two conjugate bases, specifically how they were able—or in the case of water
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unable—to stabilize the resulting negative charge. The phenoxide ion (conjugate base of phenol)
is able to spread the negative charge out over the benzene ring via resonance (Figure 19).

Figure 19
Resonance Structures of the Conjugate Base of Phenol

Hydroxide ion (OH–) is the conjugate base of water and does not experience resonance
stabilization. The increase in how often participants not only explained the formation of the
product of acid–base reactions, but also included information about how favorable or
unfavorable those products were is likely due, at least in part, to the nature of the activity. When
comparing two molecules, simply pointing out how the product of an acid–base reaction can
form and not addressing the likelihood that it will form is not as useful in terms of arriving at a
decision about the relative acidity or basicity of a molecule.
Comparing General and Organic Participants. Organic chemistry participants were
more likely to discuss the potential products formed from acid–base reactions of the molecules
under consideration than general chemistry participants were. The total number of times that
organic participants made use of this in their reasoning was about four times as many as the
general chemistry participants did. General chemistry participants’ discussions about how the
products formed often lacked that detail and took more of a declarative form in which they
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simply noted being aware of the product’s existence. Sometimes general chemistry participants
provided a statement about how the formation of a product was favored, but even those examples
lacked detail and justification that addressed how or why that was the case. On the other hand,
organic chemistry participants provided an explanation for how the product could be formed and
often included reasons to support why it was favored.
Model of Acidity
It is impossible to discuss acidity and basicity without involving at least one of the three
models of acidity: Arrhenius, Brønsted-Lowry, or Lewis. Indeed, participants from both groups
made use of these models over the course of the interview activities. Their implicit
understandings of the models of acidity can be seen in how participants predicted molecular
behaviors, pointed out specific acidic components in molecules, and made use of concepts such
as orbitals. In addition to these examples of participants’ understandings of the models of acidity
are the data discussed in this section, which deals with direct references to the various models. In
other words, sometimes participants explicitly referenced the models of acidity and talked about
them during the interview activities. They might bring up exactly how a molecule fit within a
certain model and say something like “I know this is a Lewis acid because it can accept
electrons” or they might explain how they were trying to think of one of the models, but could
and say “I know acids don’t have to have hydrogen and that one of the models has something to
do with electrons, but I can’t remember any more.”
General Chemistry Participants. Just over half of the general chemistry participants
brought up one of the models of acidity at least once over the course of the interview activities.
The most often referenced model of acidity for participants to discuss was the Lewis model. For
instance Edi discussed how she knew lithium diisopropylamide (Figure 7) was a Lewis base:
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“the only reason I put it there was the free electrons on the nitrogen cause it has them to donate,
which meets the Lewis definition of being able to donate; electron donator makes it a base.” She
framed her understanding of the basic behavior of lithium diisopropylamide within the
boundaries of the Lewis model of acidity.
For the most part, participants seemed to be aware that Lewis acids accept electrons and
Lewis bases donate them. Some participants seemed to think that a molecule must have a lone
pair of electrons in order to act in a Lewis base capacity, as opposed to recognizing that the
electrons could potentially come from an existing bond. For example, when considering
ammonia (Figure 15), Karin said “Because thinking back to the definition of the Lewis base that
there needs to be the free electron pair there.” She illustrated that she remembers that Lewis
bases need a lone pair of electrons in order to behave as a base and seems to be restricting the
idea of electron donation to lone pair electrons, and she was not the only one. If general
chemistry students are only exposed to Lewis bases that donate lone pairs of electrons, it is not
surprising that they believe that Lewis bases must donate a lone pair of electrons as opposed to
bonding electrons. However, this understanding could potentially cause problems as the students
progress to organic chemistry courses, where they will learn about many mechanisms that
involve the donation of electrons from a pi bond.
It is interesting that even though the Brønsted-Lowry model of acidity was clearly
preferred by general chemistry participants, given how they discussed acidity and basicity during
the activities, that the model of acidity most commonly discussed explicitly was the Lewis
model. In fact, when general chemistry participants did explicitly mention the Brønsted-Lowry
model of acidity they sometimes had rather unconventional ideas. For instance, Mordin
discussed his understanding of what it meant for a molecule to be a Brønsted-Lowry acid and
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then demonstrated how he thought that definition might apply to classifying lithium
diisopropylamide (Figure 7) as an acid or a base:
Mordin:

My reasoning was that ‘cause the Brønsted-Lowry definition of an acid
[is] essentially, it’s a proton donator. So I was thinking lithium could be
that proton donator. Now I just thought about [it] I’m like, lithium also has
electrons and everything else allied with it ‘cause most of the time we see
a proton donator, it’s usually hydrogen because hydrogen’s literally just a
proton.

He appears to think that the term “proton” can refer to more than a hydrogen ion, while also
explaining why the term “proton” only refers to hydrogen. In fact, he went on to explain his
thinking of what lithium diisopropylamide might be and continued to discuss lithium’s role in the
process as if it were a hydrogen ion.
Another example of participants holding less than accurate understandings of the
Brønsted-Lowry model of acidity can be seen in Zaeed’s explanation of why he was less certain
about his decision that sodium bicarbonate (NaHCO3) was an acid.
Zaeed:

I was thinking of the definitions, the different definitions; and I can’t
really remember them exactly, but I knew that acid has to have an H;
according to the Arrhenius definition, acid has to have an H. But it’s not
necessarily true for the other types of acids and bases like the BrønstedLowry. So because of that I just wasn’t sure.

On one hand Zaeed is correct. Sodium bicarbonate can act as an acid (although it is more likely
to act as a base unless it is in a more basic environment), and acids must contain hydrogen
according to the Arrhenius definition. On the other hand, he appears to have made a mistake with
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regard to the differences between the Arrhenius and Brønsted-Lowry models. The Arrhenius
model has composition requirements for both acids and bases; acids must contain hydrogen and
release hydrogen ions into aqueous solution, and bases must contain hydroxide that they release
into aqueous solution. The Brønsted-Lowry model only has composition restrictions on acids, as
acids donate hydrogen ions and, therefore, they must contain hydrogen. Brønsted-Lowry bases
need only accept hydrogen, which they can do with or without OH in their formula.
Even though the Brønsted-Lowry model was the one they used more in terms of how
they talked about molecules behaving as acids and bases, general chemistry participants seemed
less likely to and less capable of discussing it correctly when compared to the Lewis model,
which they discussed more frequently but also more correctly despite making use of it less
frequently. For example, both Karin and Edi, who were discussed earlier in this section, made
decisions about the molecules under consideration that seemed informed by and in line with their
understandings of the Lewis model of acidity.
Considering and discussing the models of acidity during the comparison activity was not
as fruitful for general chemistry participants as it was for the first activity. For instance, Edi
discussed why she thought boron trifluoride was more acidic than borane; however, she was
unable to reason how the molecules’ relative acidities could be determined through reference to
the Lewis model of acid–base behavior. She said:
Edi:

Based off the Lewis, it’s [B in BF3] only got 6 in its octet so making it a
electron acceptor is more likely than this one [BH3].

I:

Why is [BF3] a better electron acceptor than [BH3]?

Edi:

‘Cause it’s only got 6 electrons in its octet so it’s got room for two [more],
to be able to accept. This one [BH3] here can’t give you any electrons and
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it’s already paired up, but that’s the only reason I cou- it’s more of a guess
than anything else. But that’d be the reason why is just cause I know that
I’ve seen this one [BF3] before and know that based off of Lewis, it’s a
electron acceptor.
There was one general chemistry participant who was able to consider multiple models of
acidity, determine which would be the most useful (in this case, Lewis), and then made use of
her understanding of the chosen model to help her compare the two molecules.. She said:
Cora:

I think that probably the boron trifluoride would be a stronger acid, and I
tried going through the three definitions of like what it means to be an
acid. So does it dissociate to give hydrogen ions? They don’t. Well these
two don’t. And then can they [donate] hydrogen ions? And can they
accept a lone pair of electrons as in like the Lewis definition? And then I
feel as if this one [BF3] has a better ability to accept a lone pair of
electrons because I know that fluorine is super electronegative so the pull
it has on the boron might make a dipole but then again it doesn’t have lone
pair of electrons that would make it uneven distribution. But I just feel like
because it has such an effect on the boron, I feel like it has a greater ability
to accept another pair of electrons.

Cora struggled a bit to understand what the electron distribution map of boron trifluoride would
look like, but kept her belief that fluorine’s electronegativity would be the reason why it was
more acidic than borane. Cora’s response was at a higher level than those of the other general
chemistry participants. Most of the participants who discussed the models of acidity during the
comparison activity were either unsuccessful or struggled to articulate their choice in terms of
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the models of acidity and, like Edi, resorted to guessing or made their decisions based on other
factors.
Organic Chemistry Participants. Sometimes organic chemistry participants discussed
the various models of acidity when making decisions about acids and bases. Like the general
chemistry participants, the organic chemistry participants made explicit references to the Lewis
model more often than to the other models during the first interview activity. For example,
Morrigan explained that she knew aluminum chloride (AlCl3) was a Lewis acid because “it’s a
metal and a halogen, which usually shows that it’s a Lewis acid.” She recognized a pattern in the
molecule’s composition that she associated with Lewis acidity.
During the second interview activity, the only model of acid–base behavior referenced by
the organic chemistry participants was the Lewis model; and this only occurred a small number
of times. The only comparison in which participants brought up the Lewis model was that
between borane and boron trifluoride, and some of the participants struggled with exactly how
the two molecules would behave. For instance, Leliana explained why she decided borane is
more acidic of the two (it is not) and said:
Leliana:

Okay so this [BF3] is going to be solely a Lewis acid because all it can do
is accept electrons, whereas this one [BH3], I mean obviously boron’s
gonna have a consistent orbital system so it’s not gonna be any different
here. So I would assume this [BH3] would also be a Lewis acid, but it also
has three potential hydrogens that based off of—I have no idea what pKa
would be for this guy [BH3]—but you know, if there was a strong enough
base, it would be able to pull off eventually all three of those hydrogens.
So I would say this [BH3] is gonna be your stronger base, I mean stronger
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acid.
Despite immediately recognizing that boron trifluoride was a Lewis acid as well as borane’s
ability to behave in the same manner, Leliana shifted her focus to the Brønsted-Lowry model and
chose borane as the better acid because of the hydrogens in the molecule.
Comparing General and Organic Participants. Both participant groups discussed the
Lewis model of acidity more than the other models during the interview activities. When organic
participants discussed the Brønsted-Lowry model, their responses did not tend to be as
unconventional as some of the general chemistry participants’ were; but there were very few
instances in which the Brønsted-Lowry model was mentioned explicitly by organic chemistry
participants.
Summary
I asked general chemistry and organic chemistry participants questions about acids and
bases with the goal of documenting the range of their understandings. Specifically, I asked them
to identify a set of molecules as being either acids or bases and to explain their choices. I then
asked them to compare the relative acidity or basicity of several pairs of molecules, again
explaining their choices. Although there were many specific types of information that the
participants referenced when explaining their responses to the interview activities, all of which
have been discussed in the current chapter, the participants seemed to be making use of
knowledge and information that could be grouped into three broad categories, which I have
chosen to phrase as questions. There are two analogous sets of questions, one for each interview
activity. Each set is made up of three questions that refer back to the three broad categories under
which the data was organized. When identifying acids and bases, participants used knowledge
that answered the following questions: “Do I know this molecule is an acid or a base?” (in which
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the participants focused on their recognition of molecules), “Does this molecule look like an acid
or a base?” (in which the participants focused on the composition and structure of molecules),
and “Does this molecule act like an acid or a base?” (in which the participants focused on the
behavior of molecules). Similarly, when comparing the relative acidity and basicity of
molecules, participants used knowledge that answered the following questions: “Do I know this
molecule is more acidic or more basic than this other one?”, “Does this molecule look more
acidic or more basic than this other one?”, and “Does this molecule act more like an acid or more
like a base than this other one?”
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CHAPTER 6
CONCLUSION
Summary
The focus of the current study is general and organic chemistry students’ understandings
of acids and bases, with a specific focus on examining which knowledge or information general
and organic chemistry students use when identifying a molecule as an acid or a base and when
comparing relative acidity or basicity. Ultimately, the goal was to compare the knowledge or
information used by the two participant groups. In general, both general and organic chemistry
students made use of knowledge and information that served to answer three broad questions:
“Do I know this molecule is an acid/a base/more acidic/more basic?” (a focus on recognition),
“Does this molecule look like an acid/a base/more acidic/more basic?” (a focus on composition
and structure), and “Does this molecule act like an acid/like a base/more acidic/more basic?” (a
focus on chemical behavior). In this section, I will provide a general summary of the results
organized according to the major themes of recognition, composition and structure, and
behavior. Following the summary will be a discussion of (a) how my results are connected to the
existing literature, (b) implications for teaching, and (c) future work.
Recognition
Participants in both groups attempted to determine if they recognized a molecule as an
acid or base during the interview activities. The main way that participants used recognition
involved making declarative statements about how they simply knew things about the molecules
they were shown in the interview. Common aspects of molecules that participants recognized or
were able to recall were names, whether it was an acid or a base, and the type of acid or base it
was (i.e., strong or weak). Sometimes, participants also recognized something in the molecule
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under consideration that reminded them of some other molecule with which they were familiar.
They would then use what they knew about the acidity or basicity of the second molecule and
use that information to inform their choice. The similarity between molecules that participants
brought up varied, but what they all had in common is that they were all superficial, for instance
noting that a condensed formula contained a parenthetical notation with a subscript and then
focusing on how another molecule contained the same parenthetical notation with a subscript.
Deciding that a molecule is an acid (or a base) because the molecule contains a parenthetical
notation that reminds you of another molecule that is an acid does not involve recognition of any
aspects relevant to acidity. Similarly, some participants focused on other recognized but
irrelevant similarities when attempting to determine if a molecule might be an acid or a base.
While both participant groups used the types of recognition previously discussed, there
was one type that only organic chemistry students engaged in. Sometimes when organic
participants saw a molecule, typically lithium aluminum hydride or aluminum chloride, they
recognized it but not as an acid or a base. They recognized the molecule from some other
chemistry context that they viewed as separate from acid–base chemistry, often oxidation–
reduction chemistry or the Friedel-Crafts reaction. The organic participants then attempted to
apply their knowledge of the molecule from the other context to determine whether the molecule
was an acid or a base. In general, this was not a fruitful route of reasoning for them, as they
appeared to lack the proper understanding of the chemistry involved for one or both of the
contexts being considered.
Composition and Structure
The composition and structure of the molecules under consideration were also brought up
by participants from both groups when making decisions about acidity. Composition refers to the
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type of species—such as atoms, charge, and electrons—that make up the molecule. Structure
refers to how those components that make up the molecule are connected or arranged in space
relative to each other. Of the two, composition was by far the more often referenced aspect. I will
first summarize how students brought up the composition of molecules during the interview
activities and then discuss how they brought up structure.
Composition
The most common features related to a molecule’s composition referenced by both
participant groups when making decisions about the acidity or basicity of molecules were the
presence of hydrogen and the presence of electrons. Both participant groups also referenced the
presence of metals, but to a lesser extent. The presence of OH was discussed by both general and
organic participants, but general chemistry participants mentioned it much more often than
organic chemistry participants did (approximately three times as much). The presence of charge
and the presence of nitrogen were also discussed, although these were brought up much more
often by organic chemistry participants than general chemistry participants.
General and organic chemistry participants typically associated the presence of hydrogen
and/or the presence of positive charge with acidity. The presence of electrons, OH, metals,
negative charge, and nitrogen were mainly associated with basicity, by both participant groups.
General chemistry participants’ associations between composition and the acidity or basicity of a
molecule typically occurred at a surface level. The mere presence of a particular atom or group
was sufficient for identifying a molecule as an acid or a base, without consideration of any other
factors that might influence the behavior of the molecule as an acid or a base. For example, if a
hydrogen atom was present in the molecule, general chemistry participants considered the
molecule an acid. When general chemistry participants did provide details beyond just the
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physical presence of hydrogen, they were still often focused on the surface level, discussing, for
example, how the position of hydrogen in the condensed formula indicated to them that the
molecule was an acid. On the other hand, organic chemistry participants were more likely to
focus on how they knew a specific hydrogen atom in the molecule was acidic. Organic
participants were also more likely to go beyond just the physical presence of elements in the
molecule and discuss other implicit electronic factors—such as resonance stabilization of the
conjugate base and “ideal” states for atoms—when making decisions about the acidity or basicity
of a molecule.
When both participant groups discussed the composition of a molecule and did not go
beyond the surface-level association of the presence of the element, their associations took the
form of generalized rules such as:
•

has hydrogen = acid

•

more hydrogen = more acidic

•

more electrons = more basic

•

has positive charge = acid

•

has negative charge = base

•

has OH = base

•

more OH = more basic

•

has metal = base

•

has nitrogen = base

•

more nitrogen = more basic

Organic chemistry participants also applied the general rule of triple bond = more acidic.
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The problem with many of these rules is that while they may be successful in helping
students identify acids/bases or determine relative acidity/basicity in some cases, they are
insufficient for making determinations about acidity/basicity in many other cases. The
participants displayed a lack of understanding of the fact that these rules can only be applied in
certain circumstances as well as what conditions are necessary in order to be able to make use of
them. This suggests that the participants did not fully understand the rules they were using and
often applied them as heuristics or algorithms without connections made to the underlying
chemical principles.
One of the interesting aspects of how participants referenced the composition of
molecules when discussing acidity and basicity can be seen by considering how they brought up
the absence of certain components but not others. Sometimes participants would bring up how a
given atom was not present as part of their reason for making a decision about acids and bases.
In other words instead of pointing out that a molecule was an acid because it contained a
hydrogen, they would sometimes mention that a molecule could not be an acid because it lacked
hydrogen. This becomes especially interesting when one considers the fact that participants only
brought up the lack of a compositional element for certain species, namely hydrogen, OH, and
lone pair electrons. In addition, general chemistry participants were more likely to point out the
lack of a molecular component as part of their reasoning than organic chemistry participants
were. The difference between how often general chemistry participants pointed to a lack of OH
as the reason why something could not be a base versus how often organic chemistry participants
did was especially pronounced. This indicates that certain compositional elements are more
heavily associated with acids and bases than others and that general chemistry participants might
rely more on the composition of molecules when making decisions about acids and bases than
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organic chemistry participants do, although this conclusion is one that should be examined
through future research.
Structure
When it came to participants’ referencing the structure of the molecules under
consideration, the participant groups differed somewhat in what they focused on. Both groups
brought up the bond configuration of molecules, with general chemistry participants mostly
focusing specifically on the bonding of hydrogen. For example, many of the general chemistry
participants adopted a general rule that “hydrogen atoms bound to oxygen atoms are acidic.”
Organic chemistry participants also discussed bond configuration, but mainly focused on the
type of bond (e.g., single, double, triple) as opposed to how the atoms within the molecule were
connected. For example, organic chemistry participants made use of the rule triple bond = more
acidic.
Both participant groups considered the octets of atoms, although organic chemistry
participants did this much more often than general chemistry participants. When general
chemistry participants referenced the octet of atoms, they mostly focused on boron and
aluminum and pointed out how the fact that both of those atoms lacked a complete octet meant
they could accept electrons and were therefore Lewis acids. Organic chemistry participants
brought up octets more often than general chemistry participants and for a greater variety of
molecules, not limiting themselves to discussions involving the octets of boron and aluminum. In
addition, it was not uncommon for organic participants to reference an atom’s octet, or lack
thereof, alongside the concept of an ideal configuration in terms of electrons and bonds for an
atom in a molecule. This concept of an ideal state for an atom was typically part of a larger

178

explanation accounting for a given molecular behavior and served to inform their decision about
a molecule’s acidity or basicity.
During the comparison activity, and particularly for the comparisons of pyridine vs.
pyrrole and acetylene vs. acetylacetone, general chemistry participants sometimes discussed the
structure of molecules in a very general sense. They appeared to be searching for some aspect
within the structure of the molecules that would provide them with an indication about which
molecule would be more acidic or basic. Given the general chemistry participants’ lack of
familiarity with the molecules involved in those comparisons, their approach did not go beyond
examining the surface level appearance of the molecules. Organic chemistry participants did not
comment on the structure of molecules in general, but they did sometimes discuss how looking at
the Lewis structure of a molecule helped them realize additional and relevant information.
Specifically they were able to recognize certain functional groups, the molecule itself, relevant
charge information, and resonance from the Lewis structure. Organic chemistry participants also
sometimes brought up orbitals, mostly to discuss how an empty p orbital was able to accept
electrons. This is an example of how sometimes organic participants were able to go beyond
visually salient aspects of the molecules and reference implicit aspects related to acidity,
however it was not discussed very often.
Behavior
There were two ways that both participant groups brought up behavior: they discussed
specific molecular behavior, such as the ability of a molecule to accept or donate hydrogen, and
they discussed the formation of product. When it came to specific molecular behavior, both
participant groups discussed the ability of molecules to accept or donate hydrogen and the ability
of molecules to accept or donate electrons, with references to hydrogen being more common.
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During the identification activity, when general chemistry participants brought up the
ability of a molecule to accept or donate hydrogen, they often did not attempt to account for why
they felt the behavior occurred. Their statements were declarative in nature such as commenting
that a molecule is a base because it can accept hydrogen. How they used their understanding of a
molecule’s ability to accept or donate hydrogen changed somewhat for the comparison activity.
Sometimes during the comparison activity, they considered the likelihood that a molecule would
be able to, for example, accept or donate a hydrogen. The degree to which they could reason
about the likelihood of a behavior occurring was limited, however. Other times, they discussed
how often a given molecule could engage in a particular behavior. Comparing how often a single
molecule could engage in the behavior involved more of a surface-level understanding and made
use of generalized rules such as “can accept more hydrogens = more basic” and “more hydrogen
to donate = more acidic.”
In general, organic chemistry participants were more likely to discuss behavior than
general chemistry students. For example, when identifying acids and bases, organic chemistry
participants would sometimes discuss why a given behavior could occur instead of simply
declaring that it would occur. For the comparison activity they, like their general chemistry
counterparts, discussed both the likelihood that a molecule could accept or donate a hydrogen as
well as the degree to which a molecule could engage in the behavior. Overall, it was more
common for organic chemistry participants to discuss the likelihood of one molecule exhibiting a
certain behavior compared with another molecule. However, it was less common for them to rely
on the use of generalized rules such as “more hydrogens to donate = more acidic.”
When it came to the ability of molecules to accept or donate electrons, both general and
organic chemistry participants struggled to provide details for why they felt behavior would
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occur. For both interview activities the participants’ references to this behavior tended to be
more declarative in nature, and they were often unable to discuss why the behavior could occur
beyond pointing out that it was possible. Given that when it came to spontaneous mentions of the
models of acidity, students most often referenced the Lewis model and were able to define it
correctly, the degree to which both participant groups struggled to explain Lewis acid–base
behavior—which is related to a molecule’s ability to accept or donate electron pairs,
respectively--indicates they do not have a proper understanding of Lewis acids and bases.
Both groups also discussed the formation of product—a situation in which they focused
not on a specific molecular behavior, but on the result of chemical behavior having occurred. As
with references to specific molecular behavior, most of general chemistry students’ references to
product formation involved declarative statements about how they simply knew a product
existed. A few general chemistry participants considered (as opposed to simply knowing) how a
product might be able to form during the comparison activity, but this was very rare. Organic
chemistry participants also made declarative statements about product formation without
explaining why a certain product was likely to form. However, in limited cases, they provided
details about why the formation of a certain product was favorable.
Key Points
It is evident that participants often did not possess a proper understanding of acid–base
chemistry when it came to identifying acids and bases as well as comparing relative acidity and
basicity. Participants in both groups often: focused on surface-level features of the molecules
being considered, used general rules of thumb to inform their decisions, and were unable to go
beyond declarative statements when they referenced more implicit chemical principles.
Comparing the two participants groups, organic chemistry participants, while frequently relying
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on declarative statements and focusing on surface-level features, did address more underlying
chemical principles and attempt to go beyond the surface-level more than general chemistry
participants. In this section I will briefly discuss the points mentioned in this paragraph as they
relate to the existing literature on students’ understandings of acids and bases.
In this study I observed that both participant groups often focused on surface-level
features of molecules when making decisions about acidity and basicity. In particular, their
reliance on the composition of molecules is consistent with the literature (Bretz & McClary,
2015; Cartrette & Mayo, 2011; McClary & Bretz, 2012; McClary & Talanquer, 2011a, 2011b;
Nyachwaya et al., 2014; Romine et al., 2016). Another aspect of this study, and one related to the
focus on surface-level features of molecules, is the fact that participants would often make use of
generalized rules such as “molecules with H = acid” and “more H = more acidic.” This finding is
consistent with students’ use of algorithmic problem solving approaches to identify acids, bases,
and acid–base reactions (Nyachwaya et al., 2014) and their reliance on heuristics when
determining relative acidity (McClary & Talanquer, 2011a, 2011b). While the fact that
participants made use of these fast and frugal reasoning strategies is consistent with the existing
literature, this study revealed more variety in terms of the specific rules that participants used
than the other studies. This is likely due, at least in part, to the molecules participants were
shown as there was a greater variety of molecules used in this study than in the others. This study
also provided more information on the types of rules general chemistry participants made use of
compared to the work involving general chemistry students by Nyachwaya et al. (2014) in which
only one of the reactions students were shown was an acid base reaction.
Even when participants discussed more implicit aspects related to acid–base chemistry
such as the behavior of molecules, their statements were often declarative in nature and they
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lacked the ability to provide explanations for the behaviors based on underlying chemical
principles. This is consistent with the existing literature, which indicates that while students are
often successful at defining acids and bases according to the models of acidity, they struggle to
apply their understanding (Cartrette & Mayo, 2011; Schmidt-McCormack et al., 2019).
While the points made about the focus on surface-level features and use of declarative
statements when discussing more implicit factors apply to both participant groups, organic
chemistry participants made more attempts to go beyond the surface-level with their explanations
than general chemistry participants did. These results are consistent with work done by Crandell
et al. (2019) and Cooper et al. (2016), which indicate that organic chemistry students engaged in
causal reasoning (as opposed to descriptive) when discussing acid–base reactions more than
general chemistry students.
Implications for Instruction
The results of this study indicate that when general and organic chemistry participants
made decisions about acidity and basicity, the type of knowledge or information they make use
of falls under the broad categories of recognition, composition and structure, and behavior. The
prevalence of the theme of recognition in the data suggests that when certain molecules are
represented over and over again in lecture, homework, and lab, they make an impression on
students. Knowing that, instructors should be mindful of which molecules they intend to show
their students. One thing that could be helpful would be to remind students that the molecules
they are being shown to them are not necessarily the only important molecules of a given type. It
was not uncommon for participants to assign weight or meaning to whether or not they
recognized a molecule. For instance, if it was a molecule they had seen before, they assumed it
was important or significant, which could be true; however, students were coming to that
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conclusion simply based on how often they saw the molecule. Conversely, sometimes they
explained that molecules they were not familiar with were less important or less effective.
Students seemed to be operating under the assumption that if the molecules were important and
effective, they would be familiar with those molecules. It is possible that bringing up to students
that they are being shown a limited perspective for a reason, and why, could perhaps prevent the
students from making these types of judgements about molecules based solely off of recognition.
Given that participants also used perceived similarities between molecules to inform their
decisions about a molecule’s acidity, students could benefit from having additional emphasis
placed on determining which aspects of molecular representations or structures are meaningful
and which aspects are not. It is as if some of the participants in the current study viewed
similarity as the end point of their consideration about a molecule’s acidity as opposed to the
beginning of their reasoning. An example of this would be if a participant decided that BH3 was
similar to NH3 because both chemical formulas include “H3” and then based their determination
of acidity on that surface-level similarity between the two molecules. Instead of trying to prevent
this association, perhaps instructors could model for students how to allow the realization of this
similarity to serve as the beginning point of further thought instead of the end. For example, for
the molecules mentioned earlier, considering correctly drawn Lewis structures could help
students see that while both molecules contain three hydrogen atoms, the electronic
configuration of the central atoms is different, as are their molecular geometries. This could then
lead them to question whether or not the fact that both have three hydrogen is enough of a reason
to assume that the molecules have similar acid/base characteristics.
The atomic composition of molecules played a large role in participants’ decisions about
acidity and basicity. While the composition of a molecule can serve as a good starting point to
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begin considering whether or not a molecule is acidic, basic, more acidic, or more basic it is clear
that both general and organic chemistry students would benefit from having a better
understanding of why exactly certain compositional elements are often associated with acidity or
basicity. One of the ways this could be facilitated is by reinforcing the idea that there are
underlying reasons that account for why something is observed as often as it is. Perhaps then the
key aspect would not be simply the presence of an atomic component. Another way could be to
reinforce the connection between the composition of molecules and behavior. The results of this
study indicate it was not uncommon for participants to associate a certain atomic composition
(such as the presence of hydrogen) with a given behavior (such as the ability to donate
hydrogen). The problem is that participants’ consideration often ended there, without going
further and thinking about why the behavior occurred. Providing students with examples of
molecules that have similar compositions but behave differently could help them see value in
considering not only why molecules behave as they do, but also asking themselves whether or
not they think the behavior will occur. Instructors could ask students to explain why, despite two
molecules both having OH, one acts as a base and the other does not. This could help students
see the limitations and pitfalls of making hasty assumptions based on composition. It would also
provide the instructors with a frame of reference in terms of their students’ understandings.
Instructors could use this information to customize how they approach helping their students
think about these types of situations. Given the type of information taught to students in general
versus organic chemistry, it is likely this would be handled differently with regard to the type of
information provided to the students on why molecular behaviors are likely to occur. Even if all
of the details cannot be provided to general chemistry students, getting students accustomed to
asking those types of questions of themselves and showing them how their understandings of
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concepts such as octets, electronegativity, and bonding, to name a few, can help them figure out
more information about molecules would be helpful.
Future Work
The work in this study has provided a jumping off point for future research. In particular,
it would be interesting to further investigate the rules of thumb that students use when making
decisions about acidity and basicity. This could involve obtaining more of a complete list of the
rules of thumb students are using as well as the source of those rules (whether they were they
presented in instruction or developed by the student). More information about the nature of these
would allow a researcher to analyze them for further patterns that could reveal more about
students’ understandings and how they approach making decisions about acidity and basicity. It
could also prove fruitful to conduct research that challenges the rules that students use. For
instance, general chemistry participants often associated OH with hydroxide and, therefore, with
bases. Providing general chemistry students with examples that illustrate the fact that these rules
have limitations and then documenting their responses would provide more information about
their understandings and potentially help researchers suggest how to ensure that students are
using these types of rules appropriately.
As I discussed in Chapter 3, phenomenography aims at capturing the breadth of
understandings, not the depth. Having obtained information on the breadth of participants’
understandings of acids and bases, I believe it would be interesting to repeat this work in an
attempt to obtain some depth. In other words, it would be interesting to find out more about how
and when participants use recognition, composition and structure, and behavior when
considering the acid-base characteristics of molecules. This could involve a similar, but modified
approach of the current study that only tasked participants with identifying acids and bases and
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then analyzing individual participants’ responses in order to determine when and how
recognition, composition and structure, or behavior were used to make decisions about
molecules’ acid-base character, as well as how consistently different types of knowledge were
applied across the interview activity. The patterns of individuals’ knowledge use could then be
considered in order to identify patterns of reasoning that are shared by the whole group.
It would also be interesting to see how a given context affects, if at all, the type of
information participants use to make decisions about acidity or basicity. This could involve a
modified version of the current work in which participants would be shown pairs of molecules,
asked to identify them as acids or bases, and then asked to compare them—in a single, integrated
activity. Some of the molecules in the pairs would be used multiple times. It would be interesting
to see if the students use their knowledge and understanding differently for different pairings of
molecules and, if so, whether additional information can be gleaned from analyzing the different
ways the students use those understandings. Their explanations for why they decide a molecule
is an acid or a base might not change; however it is at least possible that their explanations for
which molecule is more acidic or basic would change based on the molecules being compared.
Overall, the more information obtained about how students are using recognition,
composition and structure, and behavior to make decisions about acidity, the more able
researchers will be to provide information that instructors can use to improve instruction and,
ultimately, student learning about acids and bases.
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APPENDIX A
In-Class Solicitation Script
Good (morning/afternoon),

I would like to thank Professor ___________________ for letting me come in and speak with
you today.
My name is Sarah Wood, and I am a doctoral student in the chemistry department here at UNLV.
I am working on my dissertation research and am looking for (general/organic) chemistry
students to participate in a short interview.
I’m very interested in improving the ways that students learn chemistry. The only way I can do
that is by talking to you. Specifically I would like to talk with you about what you have learned
about acids and bases in your class.
The interview should take about an hour. I’m not looking for right or wrong answers. I’m only
interested in your ideas about acids and bases.
If you are interested in participating please write your name and preferred email address on the
index card I handed out. If I get a card with your name on it, I will contact you to set up a time
for us to meet. If you aren’t able to participate leave the card blank.

Thank you all for your time, and a special thank you to anyone who volunteers.
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APPENDIX B
Student Interview Guide
I.

Informed Consent
a. Hi _____________, my name is Sarah and I want to thank you for meeting with
me today. I think your insights will be really helpful and I am very grateful for
your contribution to the project. Before we start, did you receive the Informed
Consent document I emailed you?
i. Did you have a chance to read it?
ii. Do you have any questions about it?
iii. Do you agree to participate in this interview? Do you agree to be
audio- and video-taped during the interview? If so, could you
please sign this copy of the Informed Consent document? Thank
you.

II.

Background Questions
a. Tell me a little bit about yourself
i. Where are you from?
ii. What is your major?
iii. What year are you in school?
iv. What do you want to be when you grow up?
b. Chemistry class questions
As you probably know, I am a student in the chemistry department. I’d like to
hear more about your experience with chemistry.
i. What chemistry classes have you taken so far? What chemistry class are
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you taking right now?
ii. What is the coolest thing you have learned so far in a chemistry class?
Why?
iii. Are there any topics that you haven’t been interested in? How come?
iv. One of the topics you have covered is acid–base chemistry, which is what
we’re going to talk about today. I’m very interested in finding out how
you think about acids and bases, and I hope to use the information I get
from this interview to understand how we can do a better job of teaching
students about acid–base chemistry. Just so you know, the questions I’m
going to ask you, there are no right answers. I’m just interested in your
thoughts. I have paper and pencil here that you can use if you need to. The
materials that I have here are to help keep me on track so that I remember
the questions I want to ask you as well as things I want to follow up on.
III.

General Acid–Base Questions
a. What have you learned about acids and bases in your chemistry classes so far?
i. [Possible follow up questions]
1. In which class did you talk about that?
ii. How much time did you spend on acids and bases in that class?
iii. Why do you think your instructor spent (so much) time talking about acids
and bases?
iv. Why do you think it’s important to learn about acids and bases?
b. I want you to think back to specific acids and bases that you’ve talked about in
your classes.
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i. Make a list of as many acids as you can think of. You can write them
however you like.
ii. Now make a list of as many bases as you can; again, you can represent
them however you want.
iii. What is it about [these compounds] that makes them acids?
iv. What is it about [these compounds] that makes them bases?
IV.

Acid–Base Activities
We’re going to switch gears a bit. I’m going to give you some cards with the formula
and structures of acids and bases drawn on them.
a. Categorization activity
[Put down first stack of cards] I would like you to sort these into categories of
either acid or base. Acids go on the left, here [put “acid” label down] and bases go
on the right [put “base” label down]. There might be structures you’ve never seen
before, but I still want you to classify it as an acid or a base. So… if you’re pretty
sure something is an acid, put it here [place “pretty sure” label] if you are less
sure something is an acid put it here [place “less sure”] label. If you’re pretty sure
something is a base put it here [place “pretty sure” label], if you’re less sure, put it
here [place “less sure” label]. All the cards have both the formula and the
structure on them.

Name
Sodium Hydroxide

Front of card
NaOH
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Back of card

Ammonia

NH3

Sodium Bicarbonate

Lithium Aluminum Hydride

Lithium Diisopropylamide

Water

NaHCO3

LiAlH4

LiN(C3H7)2

H2O

Sulfuric Acid

H2SO4

Ammonium

NH4

Acetic Acid

CH3COOH

Aluminum Chloride

AlCl3

Borane

BH3

Acetylene

C2H2

i. Questions about categories
1. You were confident this compound is an acid. What made you
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decide this was acidic?
2. You were confident this compound is a base. What made you
decide this was basic?
3. You were less sure of this molecule. What made you decide it was
acidic?
4. You were less sure of this molecule. What made you decide it was
basic?
5. What about this molecule made you less certain about your choice?
ii. [Optional questions based on observed behavior]
1. I noticed you added this compound to the acid category first. What
was it about this molecule that caught your eye?
2. I noticed that you added this compound to the base category first.
What was it about this molecule that caught your eye?
3. At one point during the activity you switched this card from here to
here. What made you change your mind?
4. It seemed like you spent a lot of time deciding on where to put this
card. What were you thinking about?
b. Pairs activity
Now I’m going to pair up some of the molecules you just saw with new ones.
[clear away cards from the first activity, present the first pair of cards to the
student]. (Students will be asked about several pairs of molecules)

Molecule Pair

Condensed
Formula

Lewis Structure
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Lewis Structure

Ammonia
vs.
Hydrazoic Acid

NH3
vs.
N3 H

Borane
vs.
Boron Trifluoride

BH3
vs.
BF3

Water
vs.
Phenol

H2 O
vs.
C6H6O

Sodium
Hydroxide
vs.
Barium
Hydroxide

NaOH
vs.
Ba(OH)2

Sulfuric Acid
vs.
Hydrogen Sulfate

H2SO4
vs.
HSO4–

Sulfuric Acid
vs.
Nitric Acid

H2SO4
vs.
HNO3

Acetylene
vs.
Acetylacetone

C2H2
vs.
C5H8O2

Pyridine
vs.
Pyrrole

C5H5N
vs.
C4H5N

i. Card questions
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1. Of these two, which is more acidic (basic)?
2. What was it about this compound that told you it was more acidic
(basic)?
3. What was it about this compound that told you it was less acidic
(basic)?
ii. This is the last pair of molecules, neither one of them is from the first
activity we did [set out the pyridine and pyrrole cards].
1. Do you think these are acids or bases?
a. What made you decide that these molecules are acidic
(basic)?
2. How confident do you feel about your choice?
3. Which of these is more acidic (basic)?
a. What was it about this compound that told you it was more
acidic (basic)?
b. What was it about this compound that told you it was less
acidic (basic)?
c. Wrap-up
i. In the first activity I asked you to determine if certain molecules were
acids or bases.
1. What is the hardest part of deciding if something is an acid?
2. What is the hardest part of deciding if something is a base?
3. Let’s pretend you have a friend who is taking chemistry next year.
What would you tell them to look for in order to decide if a
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molecule is an acid?
4. What would you tell them to look for in order to decide if a
molecule is a base?
ii. For the second activity you compared pairs of molecules and decided
which one was more acidic or basic.
1. What is the hardest part of deciding if one molecule is more acidic
than another molecule?
2. What is the hardest part of deciding if one molecule is more basic
than another molecule?
iii. What do you think your instructor could do to help you understand acids
and bases better?
1. [Potential follow up questions]
a. What could they do to help you decide if something is an
acid?
b. What could they do to help you decide if something is a
base?
c. What could they do to help you decide if one molecule is
more acidic than another?
d. What could they do to help you decide if one molecule is
more basic than another?
iv. Do you have any questions? Any comments or additional thoughts about
what we have talked about here?
Thank you very much for your time and willingness to participate in this
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project.
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APPENDIX C
Molecule Information
There was not a formal set of selection criteria for the molecules used in the interview
activities. I based my choices on broad guidelines and a “wish list” of sorts. My main concern
was that the instrument I used to collect the data would have the opportunity to collect data that I
could use to answer my research questions and in order to do that, the molecules selected would
need to be in alignment with the overall goals and design of my project. I also considered my
theoretical framework of phenomenography which is designed to document the qualitatively
different ways that a group experiences a given phenomenon or event. In other words, I was
looking to capture the breadth of my participants’ understandings, not the depth. I chose the
nature of the activities (asking participants to identify a molecule as an acid or base and compare
relative acidity or basicity) because being able to know that something is an acid or a base and
compare relative acidity or basicity is a foundational but necessary component to understanding
and working with acids and bases. I wanted my research to serve as both a source of useful
information and a jumping off point for future work and the foundational nature of these
activities was appealing in that regard.
Selection of Molecules for First Interview Activity
To ensure that I could capture the breadth of students’ understandings about acids and
bases, I decided to present the participants with a variety of topics to potentially access as many
of the concepts related to acid–base chemistry as possible. I made use of my own familiarity with
the content of general chemistry and organic chemistry courses to choose molecules that would
be familiar to both participant groups as well as some unfamiliar molecules. I wanted to
challenge the participants without alienating the general chemistry participant group by
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overwhelming them with molecules they had never seen before. I also made use of what I
learned from the literature as far as the types of things students struggle with. For instance,
knowing that students struggle with the Lewis model of acidity I wanted to include Lewis acids
and bases, but I did so mindfully because, while I wanted to challenge my participants, I still
wanted them to communicate their understandings with me and did not want them to become
discouraged by the difficulty and shut down.
The list below provides some basic information about why specific molecules were
selected; that, combined with my overall goal of wanting to provide a range of molecules in an
attempt to access participants breadth of understandings should serve to explain why I chose the
molecules I did.
Sodium Hydroxide
•

Arrhenius and Brønsted-Lowry base

•

Formal charge, neutral overall

•

Strong base

•

Lone pair electrons

•

Should be familiar to participants

Ammonia
•

Brønsted-Lowry base

•

Neutral

•

Lone pair

•

Should be familiar to participants as a base, but does not have OH

•

Conjugate of another card

199

Sodium Bicarbonate
•

Weak base and weak acid but more commonly seen acting as a base

•

Formal charge, neutral overall

•

Atomic composition that might produce interesting student responses because the
formula contains an OH that is not a hydroxide.

•

Formula contains a counterion

•

Students may have issues with correctly identifying this molecule as an acid or
base because of the H placement in condensed formula

Lithium Aluminum Hydride
•

Furnishes hydride (as opposed to H+), which is less common

•

Less familiar to general chemistry students overall and potentially not familiar to
organic students as a base

•

Will likely act as a stumbling block due to heavy association of H with acids

Lithium Diisopropylamide
•

Bulky base

•

Potentially less common for both groups because organic chemistry students are
more familiar with “LDA” but not necessarily the actual name, structure or
condensed formula of this compound

•

Nitrogenous base

•

Formula contains charges, which could influence students’ decisions

Water
•

Amphoteric (can potentially act as an acid OR as a base)

•

Lewis structure contains lone pairs of elections
200

•

Students should be familiar with this molecule

•

This molecule is the conjugate of another molecule/structure used in the study

Sulfuric Acid
•

Strong Acid

•

Diprotic

•

Central atom has expanded octet

•

Potentially familiar for both groups

Ammonium
•

Formula includes a charge

•

Weak Acid

•

Molecule is likely to be familiar to students

•

This molecule is a conjugate of another molecule/structure used in this study

Acetic Acid
•

Weak Acid

•

Organic molecule that general chemistry students may still be familiar with

•

Has a resonance stabilized conjugate base

Aluminum Chloride
•

Lewis acid

•

Aprotic

•

Molecule is common, at least in terms of Lewis acids and bases, but I did not
expect students to be familiar with it due to known difficulties with that model of
acidity

•

Central atom lacks octet
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•

Central atom is a metal

Borane
•

Lewis acid

•

No acidic hydrogen

•

Central atom lacks octet

Acetylene
•

Acidic hydrogen that probably does not seem very acidic to students

•

Acidity a results of s character

•

Triple bond

•

Challenging molecule that does not have too overwhelming of a structure for
general chemistry participants

Selection of Molecule Pairs for Second Interview Activity
For the second interview activity, I wanted to choose molecule pairs that would allow the
students to reveal their understandings of acid–base chemistry. Although there was not a specific
list of criteria that guided my list of selection of molecule pairs, I wanted to include a variety of
pair types in my study. For example, I wanted to have bases paired up with bases, acids with
acids, and bases with acids. I also wanted to include molecule pairs that would ideally lead to
interesting dialogue from my participants, such as a comparison that involved a conjugate acid–
base pair or a comparison between two strong acids. This was one of the ways that I attempted to
add variety without simply choosing very bizarre and unfamiliar molecules. My hope was that
when faced with an unexpected comparison where the molecules were (hopefully) somewhat
familiar, the participants would reveal additional information about their understandings of acids
and bases.
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The list below provides some basic information about why I selected specific molecule
pairs.
Ammonia vs. Hydrazoic Acid
•

Base vs. acid

•

Lewis structures include charges and interesting electronic arrangement in terms
of bonds and lone pairs, which the students might take into consideration

•

The similarity between the condensed formulas of the two molecules may be a
potential stumbling block for students

•

Hydrazoic acid is not common for either participant group although organic
participants may have seen it.

Borane vs. Boron Trifluoride
•

Lewis acid vs. Lewis acid

•

No acidic protons

•

Increased acidity of boron trifluoride due to electronegativity of F and inductive
effect

•

Similar molecules, just different atoms on B

Water vs. Phenol
•

Acidic hydrogen

•

Phenol has resonance stabilized conjugate base

Sodium Hydroxide vs. Barium Hydroxide
•

Strong base vs. strong base

•

Allows students to consider the effect of different numbers of OH– groups

•

Molecules have different counterions
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Sulfuric Acid vs. Hydrogen Sulfate
•

Strong acid vs. weak acid

•

Conjugate acid–base pair

•

Monoprotic vs. diprotic

•

Hydrogen sulfate is a charged molecule, but sulfuric acid is not

Sulfuric Acid vs. Nitric Acid
•

Strong acid vs. strong acid

•

Nitric has formal charge, overall neutral

•

The two molecules have different central atoms

Acetylene vs. Acetylacetone
•

Molecules include acidic hydrogens that might not look acidic

•

Acidity is due to resonance stabilization of the conjugate base vs. hybridization of
the carbon atom

•

This comparison is expected to be challenging for both groups

Pyridine vs. Pyrrole
•

Base vs. acid

•

Requires understanding of aromaticity, orbital hybridization and availability of
electrons in order to properly classify and compare the two molecules.

•

Challenging comparison because general chemistry students lack the chemistry
understanding to completely reason about their relative acidity/basicity; however,
these molecules are often seen in biology courses, so I anticipate that, having seen
the molecules before, general chemistry students might be willing to try to reason
about them.
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APPENDIX D
Code Definitions
Accept Electron: A statement about a molecule’s ability to accept electrons.
Accept Hydrogen: A statement about a molecule’s ability to accept hydrogen.
Available: Referencing the concept of electron availability, exact wording does not need to be
used.
Bond Configuration: A statement discussing the exact nature of a molecule’s bonding
arrangement such as types of bonds (single, double, triple) and atom connectivity (what
atoms are bonded to) as well as the hybridization of atoms.
Charge: A statement related to charge, including discussions of the absence of charge. Both
formal charge and overall molecular charge qualify.
Composition: A statement related to the atomic makeup of the molecule that does not fall under
the more specific composition codes.
Donate Electron: A statement about a molecule’s ability to donate electrons.
Donate Hydrogen: A statement about a molecule’s ability to donate hydrogen.
Hydrogen Details: A statement about the hydrogen in a molecule that goes beyond its mere
presence, such as specific placement in a molecule, whether it is acidic, or if there are
multiple hydrogens of interest. The detail aspect is focused on the hydrogen itself.
Name Acid–Base: Naming a molecule.
Octet/Orbital: A statement related to the octet of an atom. This includes the number of bonds and
lone pair electrons that an atom requires to be neutral as well as references to any kind of
“ideal” atomic state with regard to the octet rule. Also encompasses statements about
atomic orbitals that are not about hybridization (which is covered under “bond
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configuration”).
Out of Context Recognition: A statement about how the molecule has been recognized from
some other context. The other context can in fact be related to the current topic, but if the
participant’s statement indicates some kind of boundary separating it then it is still
considered “out of context.”
Presence of Hydrogen: A statement made about the presence or absence of hydrogen in a
molecule.
Presence of OH: A statement made about the presence or absence of OH in a molecule.
Presence of Lone Pair Electrons: A statement made about the presence or absence of lone pair
electrons.
Presence of Metal: A statement made about the presence or absence of a metal.
Presence of Nitrogen: A statement made about the presence or absence of nitrogen.
Presence of Spectator Ion: A statement made about the presence of absence of a spectator ion.
The concept of a spectator ion must explicitly be referenced, preferably using the correct
terminology or a close approximation.
Product: A statement focused on the product of an acid–base reaction.
Recognizing Molecule: A statement about having recognized the molecule in some way.
Similar Molecule: A statement about some kind of relationship between two molecules based on
perceived similarity.
Strong Acid–Base: A statement identifying an acid or a base as strong..
Structure: A statement made about the overall structure of a molecule.
Type of Acid–Base: A statement made about the different models of acidity. Discussing how a
molecule is one type of acid as well as statements about the models of acidity in general
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qualify. Statements of behavior that serve as examples of the models of acidity should not
be coded with this, this is for explicit references to the models of acidity themselves.
Weak Acid–Base: A statement made about recognizing an acid or base as being weak.
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